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Summary
The production of a predictive mathematical model for Lactobacillus 
plantarum batch culture was aclheved through the development of a 
synthetic medium. Analysis of the medium during a liquid culture enabled 
the identification of components essential for growth. These were then 
introduced to the matliematical model and theii* effect on the viability and 
biomass concentration of L* plantarum ascertained.
Viability is the important factor, as it determines the amount of product 
produced from each culture and the monetary value of each culture. This 
had not been previously incorporated into a mathematical model so a novel 
approach was required. Once this was achieved, the effect of amino acids 
on viability was simulated. Promising amino acids were then used in a 
culture. The results were in agreement with tlie model’s predictions. A 
working predictive model had therefore been produced. The study of the 
culture tlu'ough the simulation produced a protocol designed to prevent the 
decrease in viable count observed at the end of the culture. This is 
currently being evaluated by Interprise Ltd.
Interprise Ltd produce ffeeze-dried Lactobacillus plantarum for use as a 
silage starter culture. They experienced a decrease in culture viable count 
of 75% (8.00x10^ CFU/11Ü. to 2.00x10® CFU/ml.) with no change in tlie 
process conditions. Operating die process at 30°C with filter sterilised 
medium improved the process. The final viable count attained 1.50x10^^ 
CFU/ml, an 1000% increase on the current process production viable 
counts by Interprise Ltd. A further improvement was achieved by 
increasing the yeast extract concentration by 10%. The increased medium 
cost (7%) was offset by a 15% increase in culture yield. The reduced 
operating temperature also reduced rmming costs. Interprise Ltd have 
implemented these findings into their production process.
INTRODUCTION
Chapter 1
Lactobacillus plantarum: 
Metabolism
--------------------------------------------- Chapter 1--------------------------------------- —
Introduction.
Lactobacillus plantarum is a Grain-positive non-spore-fonning rod. It 
cannot reduce nitrate and utilises glucose homofennentatively to produce 
lactic acid (Hainines et a i, 1992). The food industry has made great use of 
L, plantarum as well as other members of tlie genus Lactobacillus partly 
due to their ease of culture and manipulation. More importantly though, 
they are non-pathogenic and do not produce toxins or toxic products. They 
often impart a desired flavour or physical property to the food. 
Furthermore tlieir growth reduces or inliibits the giowth of spoilage 
organisms due their lowering of tlie pH (Chassy, 1985). L. plantarum has 
many uses as a starter culture in products such as: cheese (Osborne, 1977), 
dough (Collar et a i, 1992, 1991) and of silage (McDonald, 1981).
1.1. Lactobacillus plantarum and Silage production.
The process of ensiling was developed to preserve a crop when it had 
attained its optimal nutritional value for use when that crop is imavailable. 
The first step is the acliievement of anaerobic conditions to prevent the 
growth of aerobic spoilage organisms. Once this is achieved the next stage 
is to prevent the growth of spoilage organisms such as the clostridia. This 
is accomplished by lowering the pH of tlie material by the application of 
acids, both mineral and organic (Mayne, 1990). Equally effective is the use 
of the natural flora present on tlie harvested giass, namely the lactic acid 
bacteria. They need to be able to out grow the other flora present to 
metabolise the sugars in the grass. The lactic acid bacteria produce lactic 
acid which prevents the growth of the clostridiai (  McDonald, 1981). This
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was taken a step farther by inoculating the grass with L. plantarum as a 
freeze dried powder. The problem with freeze-drying is that the process 
reduces the viability and lactic acid production capacity of the organism 
(Alaeddinoglu et al., 1989). Initially this decrease in viability was 
described by first order thermal inactivation kinetics dependent upon the 
temperature and moisture content, however tliis did not fully describe tlie 
decrease in viability of the organism and a fuither factor of inactivation 
due to dehydration was suggested (Lievense et a l, 1992). The 
cryopreservaiits used and the actual process have been developed to be as 
gentle as possible but there is still a large loss in viability (Interprise Ltd, 
personal communication) due to freeze drying. To redress this problem one 
approach must be to maximise the viability of L. plantarum at the end of 
tlie production stage. This would tlien assist in its survival during freeze 
drying.
1.2. Carbohydrate metabolism.
Lactobacillus plantarum, a homofennenter, produces lactic acid as a result 
of its fermentative metabolism of glucose. It is able to metabolise up to 
95% of the glucose, other hexoses or fermentable disaccharides to lactic 
acid (Gold et al, 1992 and Tittsler et a l, 1952) as indicated by the 
equation:
:H20h
H OH H H OH
LACTIC ACID
---------------------------------------------Chapter 1--------------------------------------------
The remainder of the glucose is converted to small amounts of carbon 
dioxide, traces of volatile acids and cellular protoplasm. Glucose 
molecules aie assimilated by the organism via an enzymatic 
phosphorylation and it is these phosphorylated sugars that are released into 
the cytoplasm at the inner side of the bacterial membrane in the form of 
glucose-6-phosphate* These are metabolised wholly into lactic acid ( in 
the case of homofermenters) through the Embden-Meyerhof-Pamas 
(BMP/glycolytic) patliway (Hammes et a i, 1992, Konings et al., 1989, 
Thompson, 1987 and Kandler, 1983). This mechanism of sugar 
translocation is known as the phosphoenol pyruvate (PEP) dependent 
glucose phosphototransferase system (PTS) (Konings and Otto, 1983). 
The PEPiPTS is not universally distributed amongst fermentative 
organisms but seems to be limited to those which metabolise sugars by the 
(BMP) patliway (Romano et al., 1979). The advantages offered by this 
mode of glucose uptake are that it provides a close linkage between the 
transport of the sugar and its subsequent metabolism. Secondly, when 
energy supply is limited the system allows the conservation of adenosine 
triphosphate (ATP) as the phosphorylated sugar can be used in both 
anabolic or catabolic pathways (Romano et al, 1979 and Roseman, 1969). 
The driving force for the transport of the sugar is provided by PEP. This 
has its phosphoryl group transferred to the sugar via a chain of cytoplasmic 
phosphoryl carrier proteins. The high energy phosphoryl group transfer is 
facilitated by a reversible (de)phosphorylation of a specific histidine 
residue of each of these proteins (Konings et a l, 1989). With PEP being 
the driving force the reason for the PEP:PTS close linkage with the BMP 
pathway becomes clearer. The BMP pathway yields two molecules of PEP 
per molecule of glucose metabolised, resulting in a net gain of one
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molecule of PEP which is available for energy or biosyntlietic purposes. 
The pentose and hexose phosphoketolase pathways as well as the Entner- 
Doudoroff pathway yield only one molecule of PEP per molecule of 
glucose. If this were to be used in glucose transport there would be no PEP 
for biosyntiiesis or energy production (Konings et ai, 1989, Reizer et al, 
1988, Kandler, 1983 and Romano et al, 1979). The regulation of the 
metabolism of glucose to lactic acid and adenosine triphosphate (ATP) is 
tlirough PEP. Since PEP is botli a product and a reactant in sugar 
metabolism it links both the transport and metabolic stages of energy 
production (Figure 1).
Figure l.A  schematic representation showing the role of PEP in the transport and metabolism of
glucose (Thompson, 1987).
PTS▲
Kinase - Pyruvate
Glucose 
—^
G6P
FPP
I
1i
2-PGA
PEP
Pyruvate
Lactic acid
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The balance of PEP at tlie branch point has to be regulated so that an 
equilibrium is maintained between the rates of sugar transport and 
metabolism. The intracellular concentrations of inorganic phosphate (Pj, a 
negative effector) and fructose diphosphate (FDP: a positive effector) of 
pyruvate kinase (PK) are inversely related. The ratio of FDP: Pi controls 
the activity of PK (Konings et al., 1989 and Thompson, 1987). In starved 
cells the Pi concentration is liigh which reduces tlie PK activity resulting in 
more PEP being diverted for the uptake of sugar, and vice versa.
The conversion of glucose to lactic acid results in the production of two 
moles of ATP per mole of glucose fermented (Konings et al., 1989, 
Kandler, 1983 and Fonest and Walker, 1971). The amount of growth that 
a micro-organism is able to achieve is proportional to the amount of ATP 
available to it througli the degradation of an energy source. With L. 
plantarum in a glucose based medium almost all die carbohydrate added is 
converted to energy so that the cellular cai'bon has to be derived from 
components in the medium. The polymerisation of die monomers in the 
medium to cellular macromolecules requires energy so the medium 
composition has a profound effect upon the growth the organism can attain 
(Forrest and Walker, 1971).
1.3. Growth factors.
As well as an energy source, a growth medium must contain numerous 
other compomids, most notably a range of vitamins, minerals and amino 
acids/peptides (Westby et al., 1993, Libudzisz et al., 1986, Ledesma et 
al., 1977, Rosoga et al., 1961 De Man et a i, 1960, Tittsler et al., 1952 
and Snell, 1949). The vitamin requirement of the Lactobacilli centres
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around the B vitamins e.g. niacin, tliiamine and riboflavin (Rogosa et aL, 
1953). Their requirement for vitamins is such that lactic acid bacteria have 
been used to assay for vitamins (Strohecker and Hemiing, 1965). The 
vitamins need only be present in trace amounts to support growth 
(Ledsema et aL, 1977), as it is the nitrogenous compoimds wliich, after the 
energy source detennine the growth of tlie organism.
Lactic acid bacteria exhibit characteristic requirements for numerous 
amino acids and other nutrients for growth (Chopin, 1993, Law and 
Kolsted, 1983 Morisliita et a l, 1981 and Dunn et a l, 1947). In complex 
media amino acid/peptide requirements are supplied through peptone and 
yeast extract additions. The best example of this for lactic acid bacteria is 
provided by M.R.S. medium (De Man et a l, 1960) which contains 
peptone, lab-lemco and yeast extract. These components also meet the 
vitamin requirements. The drawback is tlieir undefined natuie, which 
prevents analysis of all the components during bacterial growth, as due to 
the enzymatic activities of the organism the fl ee amino acids are in a state 
of flux with peptides being reduced to tlieir component amino acids whilst 
amino acids are being simultaneously translocated into and excreted from 
tlie cell (Collar et al, 1992, 1991). To overcome tliis a defined medium 
has to be used.
1.4. Amino acid requirements.
Lactobacillus plantarum in a complex medium produces extracellular 
proteolytic enzymes, both proteinases and peptidases (Driessen, 1989). 
Lactobacillus casei has been shown to produce four constitutive 
peptidases, (probably tripeptidases) with a narrow substrate specificity and
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two dipeptidases which share the same broad spectrum of activity. There 
is also evidence of a carboxypeptidase also with a broad spectmm of 
activity. The activity and specificity of the peptidases varied between 
strains. Lactobacillus plantarum appeared to possess only one peptidase, 
a carboxypeptidase (Abo-Elnaga and Plapp, 1987). This indicates that 
despite the absolute necessity of pre-formed amino acids for the growth of 
lactic acid bacteria they are only weakly proteolytic compared to other 
micro-organisms e.g. Bacillus, Pseudomonas and coliforms (Law and 
Kolstad, 1983). The proteinases and peptidases break down proteins and 
polypeptides in tlie medium releasing peptides and amino acids which can 
then be assimilated by the cell. It would therefore seem reasonable to 
expect a medium containing the range of required amino acids and nucleic 
acids to support growth to a similai* level as that of a complex medium. 
There could even be an argument for it enhancing growth as no energy is 
required to produce the proteolytic enzymes present when the organism is 
grown in a complex medium, thougli since many of these enzymes seem to 
be constitutive (Abo-Elnaga and Plapp, 1987) a syntlietic medium would 
not totally remove this energy expendituie. Peptides of amino acids 
however, exhibit a greater growth promoting effect than component amino 
acids. This has been attributed to inhibition of a free amino acid, but not of 
the peptide by an antagonistic amino acid(s) (Leach and Snell, 1960 and 
Kihara and Snell, 1952). Anotlier reason is possibly a degrading action of 
certain enzymes wliich act upon free amino acids but not those present in 
peptides (Law et al, 1976). This has been observed in a Streptococcus 
species in which the enzyme arginine dehydrogenase converts free arginine 
to ornithine, the latter is not however metabolised. The arginine available 
to tlie organism is therefore reduced. When the arginine was in its peptide
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form growth was more vigorous, possibly due to the peptide 
shielding the arginine from tlie action of the enzyme (Peters et a l, 1953, 
Prescott et aL, 1953, Kihara et aL, 1952). This has an effect on tlie 
composition of a defined medium where amino acids ai e tlie only nitrogen 
source. It necessitates the elevation of tlie amino acids to above those 
levels present in peptide form in complex media.
Proteinases are mainly membrane bound (Konings et aL, 1989 and Law 
and Kolsted, 1983) and are primarily responsible for the degradation of 
extracellular proteins. The peptides liberated by the proteinases are 
degraded further by the peptidases which are mainly located 
intracellularly, though a few cytoplasmic membrane and cell wall bound 
forms of peptidases have also been detected. As peptides are fransported 
into the cell as well as amino acids (Konings et a l, 1989) these 
intracellular peptidases will be used to degiade tliese peptides further. The 
peptidases exhibit a wide range of pH and temperature optima which will 
fuither complicate the development of a synthetic medium and optimisation of 
culture conditions. The intracellular peptidases also serve a second 
function, one of recycling denatured or defective proteins as well as the 
termination of newly synthesised proteins. The few peptidases present in 
the cell membrane or cell wall are essential for the termination of those 
proteins destined for the cell envelope which emerge from membrane 
boimd ribosomes (Law and Kolsted, 1983).
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1.5. Amino acid assimilation.
The uptake of tlie amino acids into the cells has been shown (Figure 2) to 
involve tliree distinct systems (Maloney, 1990, Driessen, 1989, Konings et 
a l, 1989, Strobel et a l, 1989 and Poohnan et a l, 1987a).
Figure 2. A schematic representation of carrier-mediated amino acid transport. I antiport system. II 
p.m.f.;amino acid symport. Ill phosphate-bond driven system. The phosphoenolpyruvate sugar 
phosphate transferase system and the iT-translocatiiig ATPase are also shown (from Driessen, 1989).
Amino
acid
Amino
acidPEP
nH ATPSugar
Amino
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I. Antiporter transport. This relies upon a chemical gradient of one or both 
amino acids. Uptake of arginine and tlie excretion of omitliine relies upon 
an arginine : ornithine antiport transport system. Tliis system is unique 
amongst amino acid transport systems as since it is driven by arginine and 
omitliine concentrations no additional metabolic energy is required, nor is
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a proton motive force (p.m.f.) necessary. The exchange of arginine and 
ornithine is pH dependent suggesting that only the monovalent positively 
charged fonn of the amino acids is transported. Tliis mechanism is very 
rapid in comparison to p.m.f.-diiven arginine transport, but in the absence 
of external arginine or omitliine it is veiy slow. One carrier protein is 
responsible for the exchange. Omithine is taken to the extemal membrane 
where it is released and arginine binds to the canier and is brouglit into the 
cell (Konings et al, 1989 and Driessen, 1983).
II. A proton motive force-driven system which involves the simultaneous 
translocation of amino acids and cations (H^ or Na"^  ) ■ These proteins are 
called ion: amino acid symporters, and electrochemical potential gradients 
using or Na"^  can facilitate the accumulation of amino acids (Driessen, 
1989). Different amino acids are taken up via distinctly different H^:amino 
acid symport systems. These systems also differ in tlie speed at which the 
amino acids are translocated. Strobel et a l, (1989) demonstrated that the 
uptake rate is independent of how essential an amino acid is to tlie 
organism. Each amino acid has a specific carrier protein to transport it into 
the bacterial cell. The carrier protein also possesses a binding site for 
either i f  or Na"^  . The affinity of the carrier for the amino acid is 
proportional to tlie extemal concentration of the required ion (Konings et 
al, 1989, Driessen ef a/., 1987 and Driessen, 1983).
III. Phosphate-bond driven transport. This system, like the 
arginine;omitliine antiporter, will proceed in the absence of a p.m.f. as it 
uses ATP or another high-energy phosphate-bond intermediate. Reduction 
of the intracellular ATP levels results in a decrease in the uptake of the
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amino acids (Poohnan et a i, 1987b). As with p.m.f. transport, different 
systems are present for different amino acids. The concentration of amino 
acids tliat can be reached with tliis mechanism exceeds the maximum 
attainable via p.m.f.-mechanisms. The efflux of amino acids via phosphate- 
bond transport is very low, up to two orders of magnitude lower than the 
uptake rate (Konings et aL, 1989).
Methods of amino acid transport have been determined in lactic acid 
bacteria (Table 1). The antiport system only operates for arginine and 
omitliine. Other amino acids are transported into the cell by the p.m.f. 
driven system (tlie predominant mode of transport) or the phosphate-bond 
driven system. This is of importance in the fonnulation of any new medium 
as these systems rely upon a) control of cytoplasmic pH in relation to the 
environment and b) the availability of ATP. Both of these requirements are 
dependent upon the energy (Forrest and Walker, 1971 and Bauchop and 
Elsden, 1960) available to the cell.
Table I. Amino acid transport systems in Lactococcus lactis (Driessen, 1989).
amino acid 
symport
Phosphate-bond
driven
Antiport
L-alanine L-asparagine L-arginine
glycine L-aspartate L-omithine
L-isoleucine L-glutamic acid
L-leucine L-glutamine
L-lysine
L-serine
L-tlireonine
L-valine
II
Lactobacillus plantarum  : Metabolism
1.6. Regulation of cytoplasmic pH.
During growth lactic acid bacteria maintain a cytoplasmic pH wliich is 
slightly more alkaline tlian the medium. This gradually increases during 
growth as the medium acidifies (Kashket, 1987). The internal pH needs to 
be regulated in the face of enviromnental changes as solute uptake is 
affected by pH changes (Poohnan et aL, 1987a). Escherichia coli and 
Enterococcus faecalis utilise a E f/ Na^ antiporter system to regulate their 
intracellular proton concentrations but this system is inoperative at alkaline 
pH values (Konings et aL, 1989 and Poohnan et aL, 1988). Lactic acid 
bacteria therefore rely upon other systems to maintain cytoplasmic pH 
During proton mediated amino acid uptake the carrier has to be protonated 
on the outer surface of the bacterial wall and deprotonated once inside the 
cell. These protonating/deprotanating reactions have different dissociation 
constants so the activity of the carriers is going to be dependent upon botli 
the internal and extemal pH (Poolman et aL, 1988). The phosphate-bond 
driven systems for the transport of amino acids are also affected by the 
internal pH with their inactivation occurring at low pH levels (Driessen, 
1989 and Konings et aL, 1989). The generation of a p.m.f. for the 
transport of compounds into the bacterial cell would also facilitate the 
passive influx of protons from the medium resulting in the breakdown of 
the p.m.f. gradient. This is prevented by the low intrinsic permeability of 
the bacterial membrane lipid bilayer to protons (Kasliket, 1987 and Booth, 
1985), and the use of a proton translocating ATPase (Maloney, 1990). The 
metabolic end-products (i.e. organic acids) of Lactobacilli cause a 
perturbance of the phospholipid membrane thus increasing the influx of 
protons. During batch growth the concentration of these end-products
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steadily increases, and witliout any extemal control tlie organism has to 
cope with an ever increasing influx of protons. When the efflux is unable 
to balance the increased influx of protons the cytoplasm becomes acidified 
(Kasliket, 1987). At this point tlie p.m.f. gradient has been destroyed and 
tiansport via this route is no longer possible.
The efflux of protons has been linked to the excretion of fennentation end- 
products. Brink et a l, (1985) suggested that an p.m.f. could be created by 
the translocation of lactic acid in symport with protons. This system 
maximises the energy available to the cell. The energy present in the p.m.f. 
generated is used to drive the accumulation of substrate in the cell. The 
substrate is metabolised to lactic acid. The concentration gradient of this 
product is used to generate a p.m.f. and the cycle continues. This is known 
as an energy recycling system. A further way of proton excretion present 
in the strictly fermentative lactic acid bacteria is by the use of the 
membrane bound, Ca^ '^ /Mg^ '*' stimulated, ATPase complex (Kasliket, 1987
and Brink and Konings, 1982). The H^-ATPase system is used to generate:
ATP through substrate level phosphorylation. The extrusion of protons in this 
process assists in the formation of a p.m.f. (Kobayashi, 1985 and Otto et al, 
1983)
During growth the cytoplasmic pH is maintained. Only when the energy 
available to tlie organism (usually under carbon limitation) is exliausted 
will the internal pH start to decrease. When this occurs the organism will 
resort to its survival strategies such as reducing the metabolic energy 
consumption for solute uptake and preventing the exit of metabolites 
(Poohnan et al, 1988). Wlien the energy levels have further decreased 
even this tactic does not prevent a total failure in cytoplasmic pH 
maintainence and cell death (Kasliket, 1987).
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1.7. Osmotolerance.
The osmolarity of tlie mediuin is perhaps the hardest parameter to control 
witliout compromising tlie nutritional requirements of the organism. 
Lactobacilli' are not renowned for their osmotolerance, but like other 
prokaryotes they can accumulate compatible solutes to compensate for 
changes in osmotic pressure (Jewell and Kasliket, 1991 and Kashket, 
1987). L. plantarum exhibits a complex response to an increase in 
osmolarity. The first change is an initial increase in K^ ions with an 
simultaneous increase in glutamate, a counterion (Jewell and Kashket, 
1991 and Measures, 1975). Once a critical intracellular concentration of 
K^ has been reached the mechanism for proline uptake is increased as well 
as that for N,N,N-trimethylglycine (glycine betaine). As proline is a poor 
nutrient for Lactococcus species (Jewell and Kasliket, 1991) this may 
explain why it is used as a compatible solute and should justify its 
inclusion in a defined medium.
With energy metabolism so closely linked with secondary transport 
systems and pH maintenance, the defined medium must be carefully 
constructed. An adequate energy source is essential for ATP generation. 
Tliis will permit the phospate-bond mediated uptake of amino acids and 
the generation of a p.m.f. coupled with cytoplasmic pH regulation.
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2.1. Introduction.
Mathematical models of a bacterial culture, are designed to simplify the 
true biological process so an understanding of the events governing 
microbial growth can be achieved. (Harder and Roels, 1982, Fredrickson 
et ai, 1970 and Williams, 1967). The construction of a model will assist in 
the understanding of the biological system (Bowker, 1993). An increase in 
understanding will improve the ability to exert control over tlie process. 
Modelling correlates data about a system so as to provide a concise way of 
examining a process. It is the predictive power of models which provides 
tlie greatest use, allowing the optimisation/design of processes without the 
need for a large investment in time and labour (Fredrickson et al, 1970). 
This advantage is only true if tlie model can and does accurately simulate 
the process that needs to be improved. The choice and constmction of the 
model are of paramount importance and over the years numerous models 
have been developed to simulate microbial culture gi'owth e.g. Lefebvre 
(1994), Sommer (1991), Pirt (1975), Williams (1967), and Monod, 
(1942). These can be classified as two types of model. 1) Unstructured, in 
which the biomass response to environmental changes is ignored and 2) 
Structui'ed, which provide information on the internal cellular mechanisms 
and upon the composition of the biomass (Esner et a l, 1983).
2.2. Unstructured models of bacterial growth.
As a cell is growing there are 2000-3000 individual catabolic and anabolic 
chemical reactions occuiring (Joshi and Palsson, 1988). A mathematical 
model of microbial growth should ideally include equations for each of
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these reactions. This is wholly impractical. Instead the reactions have been 
combined and it is this combination of reactions which is used to describe 
growth. The best known example of a single equation describing the 
anabolic and catabolic reactions in a cell is the Monod equation (Monod, 
1949) which considers the uptake or assimilation of a limiting substrate in 
accordance to Michaelis-Menten enzyme kinetics (Sivakumar et al, 1994, 
Rutgers et ai, 1991, Han and Levenspiel, 1987 and Verhoff et ai, 1972). 
Lee et ai, (1984) further developed the Monod equation to describe a 
culture where the organism is under dual-limitation. Models based on 
Monod kinetics are commonly known as unstructured. These models have 
a few drawbacks. They are not able to accurately predict biomass 
concentration as they assume that the yield of biomass is constant 
throughout the growth phases (Rutgers et ai, 1991, Esener et ai, 1983)
i.e. the biomass concentration is represented by a single variable (Lefebvre 
et al, 1994). The cell however will respond to changes in its environment 
(Fredrickson, 1976). There is no consideration of the mechanisms 
governing growth, the cell is treated as a ‘black box’ (Nielsen et al, 
1991a, Rutgers et al, 1991 and Harder and Roels, 1982).
Figure 3: A schematic representation of the ‘black box’ cell model. (Rutgers et al., 1991).
Catabolic products
<rr(e.g. lactic acid) 
Anabolk products
(e.g. biomass)
Catabolic substrates
(e.g. glucose) 
Anabolic substrates
(e.g. phosphate)
An unusual or extraordinary Ks value can be obtained when the system is 
limited by more than one substrate, solute transport limitation or poor 
mixing (Sivakumar et al, 1994). Product inhibition can also affect the Ks
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value but this can be overcome by the introduction of a further term in the 
Monod equation (Venkatesh et aL, 1993, Goncalves et al, 1991, Bree et 
al, 1988, and Pirt, 1975).
The use of these models is restricted to one type of bioreactor and one 
mode of operation (Nielsen et al, 1991a). This is not a handicap if the aim 
is to use the model to mathematically represent one culture process and to 
use it to assist in predicting process improvements.
Despite its limitations the microbial kinetics, based upon Monod kinetics 
are still the most commonly used equations to model bacterial growth 
(Konak, 1974). These mathematical models are refeired to a unstructured 
models. They take no account of the variation in biomass composition in 
response to the changes in the environment.
2.3. Kinetics of microbial growth.
Currently accepted kinetics describing bacterial growth were first 
described by Jacques Monod (1942, 1949), who began investigating the 
growth of bacterial cultuies. Microbial growth can be described as having 
four distinct phases.
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2. Exponential growtli: ^  = x ^ e ^
A  -S3. Nutrient Limitation (growth rate decreases): // = ...Kg + s
4. Cell deatli: Q -  Kd.
V^Ld + Iy vKgd+Sy (Bree et aL, 1988)
Wliere death rate (lii'"^ )
Kid= saturation death constant, lactic acid (g/1)
Kgd = death inliibition constant, glucose (g/1)
Kd = maximum death date (/hr)
Ks = substrate affinity constant (g/1) 
ju = growth rate (/lir)
Pmax. = maximum growth rate (/lir) I = inhibiter (g/1)
The length of the lag phase when the organism is introduced to fresh 
medimn will vary. It is dependant upon the composition of the inoculation 
medium and tlie new medium, as other metabolic enzyme systems may 
need to be activated. The age and inoculum size will also affect the lag 
phase. Older cells (having a slower growth rate due to nutrient depletion 
and/or inliibition) will require longer to increase their metabolic rate and 
enter their growth phase (Bailey and Ollis, 1977).
2,4. The influence of the substrate concentration on the growth rate.
As the organism acclimatises to its new environment its growth rate will 
become exponential. Without nutrient limitation it will approach pmax. for 
that medium. The gi'owth rate of the cell is a convenient way of expressing
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the overall effect of all the individual enzymatic reactions occurring which 
constitute bacterial growth (Monod, 1949). This is determined by the 
capacity of the ribonucleic acid (RNA) to produce proteins. This is 
determined by 1) The number of active ribosomes. 2) The rate of progress 
of a ribosome along messenger RNA 3) The concentration of transfer 
RNA in the cell pool. 4) The concentrations of amino acids in the cell 
pool. If the concentration of one of tlie essential nutrients is varied the 
growth rate will respond according to a hyperbolic function (Figure 4) 
(Humplirey, 1979, Bailey and Ollis, 1977 and Pirt, 1975).
Figure 4. The effect of substrate concentration on growth rate.
Î
&
0
Io
Substrate (g/1) >
Monod (1949) proposed that the effect of a substrate on the growth rate 
could be expressed in a form comparable to that seen in enzyme kinetics. 
This was based upon the Micaelis-Menten equation and took the following 
form:
AA t____
\K  + sj
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In a living system more than one substrate may be limiting. The Monod 
equation can be adapted to accommodate this (Cmeger and Crueger, 1989 
and Bailey and Ollis, 1977).
f r
vvKsi + s,^
Si
\K s2
Sn
Km 4-Sn//
2.5. Cell growth and substrate utilisation.
Exponential growtli is a consequence of cell multiplication by regular 
binary fission. This increase with time is expressed as (Humphrey, 1979, 
Bailey and Ollis, 1977 and Pirt, 1975):
dx
dt
Where: x = biomass present
The utilisation of substrate is represented by the following quotient
AxY = As
Where Ax is tlie increase in biomass resulting fi-om the utilisation of As of 
substrate. As s->0 the equation takes the following form.
v - _ * i
ds
The negative sign is introduced because if x and s are biomass and 
substrate they vary in opposite senses (Pirt, 1975). This assumes a 
constant yield throughout tlie process, but this is only true at liigh growth 
rates. During growth the cell requires energy for maintenance functions 
(Humphrey, 1979) and tlie true yield can be calculated by:
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dxY _ —  + nix ds
Where m= maintenance energy
The relationship between substrate utilisation and growth rate can be 
illustrated in the fonn of a graph (Figure 5).
Figure 5: The relationship between substrate utilisation and growth rate.
t
dS
Xdt
Growth Rate
The kinetic equations discussed above fonn the basic framework of 
modelling a simple batch culture. They can be used to calculated growth 
rate, biomass concentration and substrate utilisation,
2.6. The influence of inhibitors on growth.
Lactobacillus plantarum produces almost two moles of lactic acid from 
one mole of glucose present in the culture media. It is therefore necessary 
to represent this phenomenon in any model. Leudeking and Piret (1959) 
studied the kinetics of lactic acid production with L. delbruekii. They 
showed that the rate of production was both giowth associated and non­
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growth associated. They developed the following expression for lactic acid 
production:
dt dt
Wliere N= bacterial density 
a=  constant 
(3= constant
The rate of lactic acid production at any one time is dependent upon the 
biomass produced during that time as well as the initial biomass. This 
equation has been used in numerous other studies on lactic acid bacteria 
(Venkatesh et al, 1993, Yeh et a l, 1991, Samuel et ai, 1980 and 
Aborhey and Williamson, 1977). Using this equation in a model would 
mean the introduction of two luiknown constants which would have to be 
detennined. There is, therefore, an argument for using an alternative 
expression for lactic acid production in any working model. Leudeking and 
Piret’s (1959) model detennines the rate of acid production over a period 
of time. This work will be concerned with the amount of lactic acid present 
at any one point in time. Since lactic acid is produced by the metabolism of 
glucose, in the media used in this thesis, an assumption could be made that 
the amount of lactic acid present will be directly proportional to the 
glucose (substrate) used. This could be represented by the following 
equation (Passos et a l, 1994 and Ishizaki et ai, 1989) which only has one 
unknown constant.
P = Kp.(So-S)
Wliere P= lactic acid
Kp= lactic acid production constant 
(so-s)= substrate used
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With numerous authors reporting lactic acid as inliibitory to Lactobacilli 
(Giraud et al, 1991, Bibal et a l, 1988 and Osbourne, 1977) the Monod 
equation has to be modified as inliibition will result in slower growth. A 
linear lactic acid inliibition function has been proposed to simulate this 
effect (Venkatesh et a l, 1993, Bree et al, 1988 and Pirt, 1975).
max K . + l j
Wliere 1= Inhibitor (lactic acid) concentration (g/1)
Ki= Inliibition constant for lactic acid (g/1)
2.7. The death of cells in a growing culture.
A further phenomenon present in a culture is cell death and lysis. As the 
culture is growing, cells are dying, and in batch culture cell lysis plays an 
important role near the end of the culture in the recycling of limiting 
substrates, making them available to viable cells (Verhoff et al, 1972). 
Any model should compensate for this. Unfortunately many studies do not 
address this factor. A possible reason for this may be their reliance upon 
cell biomasss concentration measurements detenninhig the prevailing 
growth parameters. The problem with this approach is that no distinction is 
made between dead and viable cells. A notable exception to this is the 
study of Pirt (1975) who discussed the effect of cell death on viability in 
some depth.
He proposed that the cell death rate is proportional to the number of viable 
cells (xv) present in the culture, i.e.
dxv
dt
Wliere /c= specific death rate (/lir).
-A : .X v
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The rate of growth of the viable cell population can be expressed as 
follows
dxv
Xvdt
This assumes that the death rate remains constant tlnoughout the culture. 
Deatli rate however, is going to be dependent upon extreme limitations of 
nutrients and letlial levels of lactic acid (Bree et ai, 1988). This was 
initially developed for use in modelling the growth of hybridoma cells but 
it is also applicable to Lactobacillus cultures, as both types of cell convert 
much of the available glucose to lactic acid, which is considered inhibitory 
to growth. The deatli rate equation takes a similai* fonn to that of the 
Monod equation.
r
n  = Kd. + V  ^Kgj + Glucose^
Wliere specific death rate (/lir)
Kd= maximum death rate (dir)
1= Inliibitor (lactic acid g/1)
Klci= saturation death constant lactic acid (g/1)
Kgd= death inliibition constant for glucose (g/1)
The combination of these equations should enable the production of an 
unstructured mathematical model which can simulate the growth of L  
plantarum in batch culture. Furthennore it should also be able to predict 
the growth of L. plantarum if furnished with the initial parameters.
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2.8. Structured models of bacterial growth.
Unstructured models represent a logical first step in the modelling of a 
biological system. Those based upon Monod kinetics have been referred to 
as ‘bottleneck models’ (Neilsen et a l, 1991 and Pirt, 1990) as they only 
link p and sq. Structured models attempt to overcome this limitation by 
taking mto account all the nutrient concentrations in the environment 
(abiotic phase) and in the organism (biotic phase) itself (Esner et ai, 
1983). The structured model for the growth of Escherichia coli by Peretti 
and Bailey (1986) is based upon the macromolecular synthesis and cell 
envelope syntliesis and can be used to predict a number of parameters 
including growth rate, biomass yield, cell composition and time of 
cliromosomal replication (Pirt, 1990 and Peretti and Bailey, 1986).
Ideally a structured model should describe biomass kinetics as well as 
product formation and transient conditions such as those present in batch 
culture (Nielsen et al, 1991a) as organisms are able to adapt to changes in 
their environment (Harder and Roels, 1982). They should also be 
applicable to other cultures and culture processes (Nielsen et a l, 1991a 
and 1991b).
2.9. The physiological basis of structured models
The growth of micro-organisms is extremely complex and there are a 
number of mechanisms iofluencing the metabolism and growth of a cell. 
These need to be appreciated when attempting to construct a structured 
model of cell growth.
1. Direct mass-action law regulation.
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As concentrations of substrates or intermediates change so does the 
metabolic balance of the organism, it is in essence in a state of continual 
flux.
2. Regulation of enzymic activity.
The interaction of enzymes with non-substrates foimed througli anabolism 
or catabolism.
3. Regulation of the macromolecular composition of the cell.
The concentrations of intracellular deoxyribose nucleic acid (DNA), ribose 
nucleic acid (RNA) and protein synthesis changes as the cell adjusts to 
changes in the enviromnent, often as a direct result of cellular activity.
4. Selection witliin a population of a species.
Natural selection will cause a sliift in the balance of the population, 
selecting for cells which have an advantage in the present environment, a 
paiticulai* problem in bioreactor growth, especially chemostats as tlie 
culture is maintained for extended periods (Harder and Roels, 1982).
2.10. Modelling the growth of a single bacterial cell.
A comprehensive structuied model for the growth of a single bacterial cell 
was developed by Shuler et al, (1979) in wliich they described the 
properties of the cell as the sum of its biochemical components (Rutgers et
a/., 1991). Their model was fiee of any constramts, such as assuming growth to 
be exponential and nutrient uptake rates to be constant. The model only 
required the initial nutrient concentration, temperature and pH (Shuler et 
ai, 1979). The single cell model (Figure 6) would predict cell growth,
DNA initiation, crosswall formation, changes in cell size and shape and 
cell division (Shu and Shuler, 1989, Domach et al, 1984 and Shuler et al,
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1979). The critical factors in the matliematical simulation were initiation 
of DNA synthesis and cell division and the availability and tiansport of 
limitmg nutrients (Rutgers et al, 1991).
The model was constructed with the following assumptions.
1. Inorganic ions such as phosphate and sulphur were available in excess, 
in comparison to the cells needs and did not need to be explicitly 
accounted for.
2. Diffusion within the cell does not limit internal reactions.
3. The transport of waste out of the cell is instantaneous so no internal 
inliibition occurs.
4. The cell density remains constant tliroughout the cell division cycle.
5. Cell division yields two identical daughter cells (Joshi and Palsson, 
1988 and Shuler et al, 1979).
Figure 6: An idealised diagram of Escherichia coli showing the general conception for a structured 
model. (Peretti and Bailey, 1986, Domach et a l, 1984 and Shuler e ta l ,  1979).
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This model of growtli of a single bacterial cell is very complicated and 
would not be easily applied to an industrial system. Joshi and Palsson 
(1988) identified the essential changes in tlie cell over time and produced a 
simplified model, the three-pool model. This was based upon the protein, 
DNA/RNA and the cell wall (Neilsen et ai, 1991a and Rutgers et ai, 
1991). The metabolism was considered to consist of three major parts 
(Figure 7).
1. Catabolic reactions, which provide the ATP and reducing power needed 
for biosynthesis.
2. Anabolic reactions, which produce the building blocks which are 
needed for the polymerising reactions which produce the cellular 
structures.
3. The epigenetic system which accounts for the synthesis of tlie 
macromolecules for DNA, RNA, protein and the cell wall.
Figure 7: A tliree-pool biochemical based model of E. coli growtli (Joslii and Palsson, 1988).
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This model proved to be accurate in botli agreement with the model 
developed by Shuler et al, (1979) and the experimental situation (Nielsen 
et ai, 1991a and Rutgers et aL, 1991). This model was based on tlie same 
knowledge as that of the original single bacterial cell model requiring a 
wealth of biochemical information which was only applicable to tlie E. coli 
system, again making it too complex for routine application in industrial 
systems, unless tlie bacteria being used have had their metabolism 
elucidated (Rutgers et at., 1991). In an attempt to simplify the model 
further and so it can be easily applied to other systems a two compartment 
model has been investigated (Wiegert, 1993, Nielsen et al, 1991a, Harder 
and Roels, 1982, Humplirey, 1979, Bailey and Ollis, 1977 and 
Ramkirislnia a/., 1967).
2.11. A two-compartmental structured model.
Williams (1967) was the first to attempt to produce a two compaitmental 
model of bacterial growth (Esner et al, 1982). The two compartments 
used to describe tlie growing cell were defined as one compaitment 
representing tlie ‘active’ part of the cell and the other as the ‘inactive’ pait. 
The ‘active’ pait consists of ribosomes, transport enzymes and in the 
case of lactic acid bacteria, lactic acid producing enzymes. These are 
essentially the components of the cell which allow the conversion of 
substrate into the vaiious building blocks for the construction of cellular 
macromolecules. The ‘inactive’ part consists of storage material, genetic 
material and the pools of various precursors (.Nielsen et al, 1991a, Harder 
and Roels, 1982, Ramkrislma et a l ,1961 and Williams, 1967). The two 
compartments are often referred to as the A and G compartments
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respectively (INielsen^^ aL, 1991a). The greatest difference between the 
two parts is that the G section is formed at a rate dependent upon the size 
of A, whereas the rate of formation of A is independent of the size of G 
(Figure 8). Cell division will only take place once the G portion has 
doubled in size, it is independent of the size of A (Nielsen et a l, 1991a, 
1991b and Williams, 1967).
Figure 8:The flow of mass in a two compaitmental model (Neilsen et a i, 1991a)
Carbon
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Nitrogen 
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>  Product
The A compartment:
This is the active part of the cell comprising of ribosomes, messenger 
RNA, transfer RNA, active metabolites, catabolic enzymes and enzymes 
involved in the transport of nutrients across the bacterial membranes. The 
protein synthesising system makes up the largest part of the active part and 
this in turn consists of about 60% RNA the concentration of which is 
closely related to growth rate. As the protein concentration varies only 
very slightly over a range of growth rates as does the intracellular 
carbohydrate concentration the A compaitment can be assumed to be
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proportional to the concentration of RNA present (Nielsen et aL, 1991a 
and Esner a/., 1982).
The G compartment:
This is the genetic and structural part of tlie cell, the so called ‘inactive’ 
pait. It contains the DNA, lipids, lipopolysaccharides, structural proteins 
and structural carbohydrates. They are constructed from the components 
produced by the metabolism of substrates in the A compartment, the rate 
of which is wliich is determined by the composition of the biomass 
(Nielsen et aL, 1991a, Harder and Roels, 1982 and Esner et aL, 1982).
2.12. Two compai tmental model kinetics.
The basic models to describe two compaitmental growtli developed by 
Ramkrislma et aL, 1967, were of the following general kinetic forai 
(Humplirey, 1979).
dXx ^ S Xw
dt " '^ " '“ ^'■‘ K. + S ' K n.+ Xn
— ■■ Y S Xw
dt '  K'. + S K'n. + X.
X =  X n  +  X p
Wliere Xn -  Nucleic acid related biomass concentration (g/1)
Xp = Protein related biomass concentration (g/1)
PNmax. aiid ppniax. == Specific rate constants (/lir)
Ks, K's, Kns and K'ns ^  saturation constants (g/1)
In order to model inhibition due to product formation related to groivth 
such as lactic acid a tenn for cell death, inliibition or lysis would have to 
be included. This would lead to a four parameter model with independent
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equations for nucleic acid mass, protein mass, growth rate limiting 
substrate and inliibitor concentrations. These four equations are able to 
mathematically simulate observed culture parameters.
The model developed in this work could be classed as a hybrid between 
the unstructured and structured model formats. The production of biomass 
was assumed to be constant througliout the process in accordance with the 
description of unstructured models. The detailed analysis of the medium to 
determine the utilisation of amino acids by the culture, and their 
incorporation into tlie model was similar to the construction of a structured 
model. The production of a successful model has shown that despite the 
principles behind structured and unstructured models being different they 
are not mutually exclusive. A combination of structured and unstructured 
models may be the best way to proceed for future simulations of microbial 
growth.
2.13. Aim.
The aim of tliis work was threefold. The first part was to enhance the 
production viability and biomass concentrations of L. plantarum obtained 
using the complex medium detailed by Interprise Ltd. In order to establish 
the role of individual nutrients, a totally defined medium wliich supported 
growtli to levels of the production medium needed to be developed. 
Analysis of the utilisation of medium components during a batch culture 
had to be acliieved so tliat a complete picture of a Lactobacillus plantarum 
culture could be obtained. Finally, using the data from part two a 
predictive model had to be produced. As it was being developed for 
analysis of one particular bioreactor culture it would essentially be an 
unstructured model, based on the principles formulated by Monod. There
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would however, be a semblance of structure to it as the model would 
incorporate amino acid data from the abiotic enviromnent and relate this to 
cell viability. An idea of the interaction between the cells and their 
environment could be established but the unknown element of the 
microbial ‘black box’ would still exist. Once a mathematical simulation of 
the culture had been produced manipulation of the model could be used to 
develop a procedure for the improvement of culture viability.
33
Materials and
Methods
Chapter 3
Shake Flask Experiments
--------------------------------------------- Chapter 3 ------------------------------------- --------
3.1. Culture stock maintenance.
The strain Lactobacillus plantarum INT. LI 1 was maintained in freezer 
stocks which were periodically regenerated as follows.
1. A streak plate was made from an old freezer stock, witli the aim of 
producing single isolated colonies.
2. A single colony was then inoculated into 100 ml. of M.R.S. broth which 
was then incubated overnight at 30°C.
2. Sterile glycerol was added to this overnight culture to give a final 
glycerol concentration of 10% v/v. Tliis was then shaken to disperse the 
glycerol.
3. 2 ml. aliquots of this were tlien dispensed into sterile bijoux bottles 
which were then placed in a fr eezer at -20°C.
4. The following day one bijoux bottle was removed and thawed. The 
viability of the culture was detennined by making serial dilutions in 
maximum recovery diluent and perfonning 0.1 ml. spread plates of t h e ( l ^
and 10"^ dilutions and incubation overnight at 30°C. The purity was also 
periodically tested by performing streak plates and Gram staining the 
resultant colonies. If this showed a pure culture an A.P.I. identification 
test was carried out and the results stored for reference.
3.2. Inoculum preparation.
The freezer stocks have to be cultured before being inoculated into the 
bioreactor. They have to be grown to allow recovery from the freezing 
process. The organism can also adjust to the culture medium so the lag
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phase is shortened. It also allowed a large inoculum volume to be prepared 
to shorten the culture run time.
Lactobacillus plantarum INT.LII was subjected to two pre-inoculum 
stages consisting of two different media, M.R.S. (De Man et aL, 1960) 
and C6 (Table 2).
Table 2: Composition of the complex cultivation media for L. plantarum
higredient M.R.S. (g/1) C6 (g/1)
Peptone 10.00 -
Yeast extract 5.00 40.00
'Lab-Iemco' powder 10.00 -
Glucose 20.00 40.00
Di-potassium hydrogen phosphate 2.00 2.00
Sodium acetate. 3H20 5.00 5.00
Tri-ammonium citrate 2.00 -
Tri-potassimn citrate - 2.00
Tween 80 I ml. I ml.
Magnesium sulphate. 0.20 0.20
Manganese sulphate. 0.05 0.05
Calcium cMoride - 0.05
In the first stage 0.25 ml, of freezer stock culture was inoculated into 25 
ml. of M.R.S. broth (1.0% v/v). This was incubated for 16 hours at 30°C, 
whereupon 0.625 ml. was inoculated into 25 ml. of C6 broth (2.5% v/v) 
and this was incubated for a further 8 hours at 30°C. The culture was then 
ready for inoculation into a bioreactor or shake flask.
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3.3. Sterilisation.
The M.R.S. and C6 media were initially both sterilised by autoclaving at 
121°C and 15 psi for 20 minutes. Filter sterilisation of the C6 medium 
used in later work was performed using two autoclaved Sartorius 
Sartobran capsule filters (0.45+0.2 pm) in series.
3.4. The effect of lactate on L, plantarum.
C6 broth was prepared in 25 ml. shake flasks with increasing 
concentrations of sodium lactate, ranging jhom 0-20 g/1. L. plantarum was 
grown from the fi*eezer stock in M.R.S. and an inoculum prepared as 
previously described. 0.25 ml. of this was then inoculated into the C6 
flasks containing the sodium lactate and incubated for a further 12 hours at 
30°C with gentle agitation at 50 r.p.m to prevent settling (similar to a 
bioreactor culture). Viable coimts were determined for all the levels of 
lactate.
3.5. The effect of initial pH on the growth of L. plantarum.
A calibration curve of volume of concentrated sulphuric acid added and 
pH was prepared (Appendix 1). This data was used to prepare filter 
sterilised shake flasks of C6 medium at pH values 7.10, 6.50, 5.95, 5.50,
5.00, 4.57,3.95 and 3.55.
L. plantarum was grown from the freezer stock as if in preparation for 
inoculation into the bioreactor, but instead they were inoculated into the 
shake flasks witli different initial pH values. These flasks were incubated
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at 30°C and were shaken at 50 r.p.m. for 12 hours with samples taken at 4, 
8 and 12 hours. The samples were used to detennine pH, viable count and 
biomass concentrations.
3.6. The effect of temperature; on the growth of L. plantarum in filter 
sterilised and autoclaved C6 medium.
An aluminium temperature block with a range of temperatures from 23-44° 
C was used. Tubes containing 10 ml. M.R.S. in the temperature block 
were inoculated at 1% v/v with freezer stock and incubated for 16 hours 
before being sampled to determine their viability. The cultures in the 
M.R.S. broth were then used to inoculate tubes containing filter sterilised 
and autoclaved C6 medium at their respective temperatures. These tubes 
were then incubated for 8 hours before being sampled for viability.
3.7. The effect of increasing the nitrogen and vitamin concentrations 
on the autoclaved and filter sterilised C6 medium on the growth of L, 
plantarum.
Duplicate shake flasks containing filter sterilised and autoclaved C6 
medium had their yeast extract concentration increased by 10% and 20% 
respectively. This was achieved by the addition of a filter sterilised 
concentrate of yeast extract. These shake flasks were inoculated with 2.5% 
v/v of broth from a 16 hour culture in M.R.S. broth and incubated for a 
further 12 horns at 30°C. Biomass concentrations and viabilities were 
detennined for each culture.
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3.8. The effect of reducing the glucose concentration on the growth of 
L. plantarum.
A series of 25 ml. filter sterilised 06 medium shake flasks were prepared. 
They had their glucose concentrations altered to produce a series of shake 
flasks containing 0, 10, 20, 30 and 40g./l. of glucose respectively. A 
culture was prepared by inoculating 25 ml. of M.R.S broth with 0.25 ml. 
of freezer stock and incubating it for 16 hours at 30°C. The 06 shake 
flasks were inoculated with 2.5% v/v of this culture and incubated for a 
further 12 hours at 30°O.
3.9. The effect of prolonged culture on the viability of L. plantarum.
Freezer stocks of L  plantarum were prepaied from « a! sample taken from a 
culture growing in autoclaved 06 medium. These samples were taken after 12, 
16, 20 and 24 hours of the batch culture. The viability of the freezer stocks 
was determined. They were then used to initiate the inoculum preparation 
stage used by Interprise Ltd. 25 ml. shake flasks of M.R.S. broth were 
inoculated at 1% v/v with each of the ft eezer stock. These were incubated 
at 30° for 16 hours. These cultures were used to inoculate 25 ml. shake 
flasks of filter sterilised 06 medium at a concentration of 2.5% v/v. These 
flasks were incubated for a further 12 hours with samples being taken at 
both 8 and 12 hours. Viable counts were determined for the M.R.S culture 
and for both times in the 06 medium.
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3.10, The effect of culture aeration on the viable count of L. plantarum 
in shake flask culture.
Iiiterprise Ltd had been advised that the air in the headspace of their 
bioreactors in which the L  plantarum culture was perfonned was 
detrimental to the organism and would cause a reduced yield. It was 
proposed that they overlay the culture with nitrogen or helium, an 
expensive option. The effect of culture aeration was investigated using 
shake flask cultures. A culture was prepaied for inoculation into filter 
sterilised C6 medium in tliree flasks which would present conditions of 
differing aeration. The first culture was performed in a stationary shake 
flask, tlie only aeration would occur from passive diffusion. The second 
culture was shaken at 200 r.p.m to increase the aeration. The third culture 
was performed in a baffled flask and shaken at 200 r.p.m. After 12 hours 
samples were taken and assayed for viable count.
3.11. The growth of L, plantarum in a defined medium.
The medium composition for tliis initial work was that developed by 
Ledsema et aL, (1977), the composition of which is shown in Table 3. The 
pH was adjusted to pH 7.0 with the addition of concentrated sulphuric 
acid. The medium was then filter sterilised.
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Table 3. Composition of the defined medium (Ledsema et al., 1977)
Component g./l. Component g./I.
Miscellaneous L-tyrosine 0.004
Sodium acetate.3H2O 13.88 L-threonine 0.05
D-glucose 10.00 L-tryptophan 0.05
Di-hydrogen potassium 
orthophosphate
2.00 L-valine 0.03
Sodium thioglycollate 0.50 L-leucine 0.06
Tri-potassium citrate 0.26
Magnesium sulphate.THaO 0.15 Bases
Manganese sulphate.4H20 0.02 Adenine 0.05
Iron sulphate. 7 H2O 0.01 Cytidilic acid 0.05
Tween 80 1.10 Deoxyguanosine 0.05
Guanine hydrochloride 0.05
Amino acids Thymidine 0.05
L-glutamic acid 0,15 Uracil 0.05
DL-alanine 0.20
L-arginine 0.0042 Vitamins
L-asparagine 0.20 p-aminobenzoic acid 0.00001
L-cysteine 0.16 Cyanocobalamin 0.000001
L-phenylalanine 0.04 d-biotin 0.00001
L-histidine 0.041 Calcium pantothenate 0.001
L-isoleucine 0.05 Folic acid 0.0001
L-lysine 0.04 Niacin 0.001
L-methionine 0.05 Pyridoxine
hydrochloride
0.0005
L-proline 0.04 Riboflavin 0.0005
L-serine 0.01 Thiamine hydrochloride 0.001
A L. plantarum suspension from the freezer stock was inoculated 
(0.25ml.) into 25ml. M.R.S. broth and incubated for 16 hours at 30°C. A 
1:1000 dilution was made of this culture in sterile ‘/i strength Ringers 
solution. This had tlie effect of reducing the carry over of peptides and 
vitamins from the M.R.S. broth. Synthetic medium was inoculated (25ml.) 
with 0.5 ml. of the Ringers dilution, followed by incubation at 30°C for 16 
hours. The viability and biomass concentrations were determined from tliis 
medium as well as a control shake flask of filter sterilised C6 medium.
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3.12, Improvement of the defined medium.
The amino acid and base concentrations were elevated to try and achieve a 
yield comparable to that acliieved in the C6 production medium (Table 4).
Table 4. Composition of the modified synthetic media
Medium Amino acids Bases
1 xl xl
2 x25
3 x35
4 x50
5 x25 x2
6 x35 x5
7 x50 xlO
A 25 m l shake flask of M.R.S. broth was inoculated with 0.25 ml. of L. 
plantarum from the freezer stock. This was incubated at 30°C for 16 
hours. A 1:1000 dilution was made in sterile Vt strength Ringers. The 
synthetic media were inoculated with 0.5 ml. of this dilution. The shake 
flasks were incubated at 30°C for a further 48 hours. Viability was 
detennined using 0.1 ml. M.R.S. spread plates. Since some of the flasks 
exliibited signs of mediiun precipitation accurate biomass concentrations 
were unattainable.
3.13. The effect of omitting one compound from the improved 
synthetic medium on the growth of L. plantarum in shake flask 
culture.
The new composition of the synthetic medium (Table 5) was used in this 
experiment. The components of the medium were prepared individually
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and sterilised by filtration in a concentrate. This was then used to 
formulate the mediiun in shake flasks but in each shake flask one medium 
component was omitted.
Table 5; composition of the improved synthetic medium
Component g./l. Component g./l.
Miscellaneous L-tyrosine 0.20
Sodium acetate.3 H2O 13.88 L-threonine 2.50
D-glucose 40.00 L-tryptophan 2.50
Di-hydrogen potassium 
orthophosphate
2.00 L-valine 1.50
Sodium thioglycollate 0.50 L-leucine 3.00
Tri-potassium citrate 0.26
Magnesium sulphate.7 H2O 0.15 Bases
Manganese sulphate. 4 H2O 0.02 Adenine 0.05
Iron sulphate.7 H2O 0.01 Cytidilic acid 0.05
Tween 80 1.10 Deoxyguanosine 0.05
Guanine hydrochloride 0.05
Amino acids Thymidine 0.05
L-glutamic acid 7.50 Uracil 0.05
DL-alanine 10.00
L-arginine 0.21 Vitamins
L-asparagine 10.00 p-aminobenzoic acid 0.00001
L-cysteine 8.00 Cyanocobalamin 0.000001
L-phenylalanine 2.00 d-biotin 0.00001
L-histidine 2.05 Calcium pantothenate 0.001
L-isoleucine 2.50 Folic acid 0.0001
L-lysine 2.00 Niacin 0.001
L-methionine 2.50 Pyridoxine
hydrochloride
0.0005
L-proline 2.00 Riboflavin 0.0005
L-serine 5.00 Thiamine hydrochloride 0.001
The media thus prepared were inoculated with 0.5 ml. of a 1:1000 dilution 
in sterile */i strength Ringers solution of a culture grown for 16 hours at 
30 “ C in M.R.S. The shake flasks were incubated at 30 ° C for a fuilher 48 
hours before being sampled. Biomass concentiations and viable coimts 
were detennined.
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4.1. Batch cultures with C6 medium.
Bioreactor cultures were carried out in a 101 LH 2000 bioreactor with a 
workmg volume of 71 witli controlled temperature, pH and stirrer speed.
71 of sterile 06 medium was placed in the pre-sterilised vessel and the pH 
was adjusted to 5.5 with concentrated sulphuric acid. The temperature was 
set at 37°C (as used by Interprise Ltd), or, subsequently 30°C . The stirrer 
speed was 44 rpm to prevent the settling out of the organism during the 
culture.
The vessel was inoculated with 21 ml. of culture from the second pre­
inoculum stage (0.3% v/v) and left to run. The pH was maintained at 5.5 
by the automatic addition of an 8M sodium hydroxide solution. 25 ml 
samples were taken hourly tliroughout the process via a sterile sample 
port. These samples were used to determine viable count, biomass 
concentrations, glucose and lactic acid concentrations.
In the course of the experimentation the C6 medium was filter sterilised. A 
further experiment involved the reduction of the glucose concentration in 
the filter sterilised C6 medium to 25 g/1. The process protocol remained 
the same in both cases.
4.2. Batch cultures with the synthetic medium.
This was performed in a 21 Braun biolab bioreactor or LH 500 vessel at 
30 °C, with pH control ( 8Msodium hydroxide solution) and a stirring 
speed of 44 ipm. The working volume was 1.251 of filter sterilised 
synthetic medium (for both the synthetic media). The inoculum was 
prepared by inoculating 25 ml. M.R.S. broth with 1% v/v freezer stock and 
incubating for 16 houi s at 30 ° C. 0.5 ml. of this culture was inoculated into
43
Culture and Sample Analysis
25 ml. of synthetic medium and incubated for a further 48 hours at 30°C. 
A tliird pre-fermentation stage was employed by inoculating a second 25 
ml shake flask of synthetic medium with 0.5 ml. of the 48 hour culture. 
Tliis was also incubated for 48 hours at 30°C. The vessel was inoculated 
with 20 ml. of tliis culture and was left to culture for approximately 40 
hours with periodic sampling. Samples were used to detennine biomass 
concentrations, viable count, glucose concentration, lactic acid 
concentration and amino acid concentrations.
4.3. Fed-batcli synthetic cultures.
The operating conditions were the same as for the batch runs with 
synthetic medium. The feed was that of an amino acid. It was decided to 
feed the amino acid concentrate during exponential growth.. Samples were 
taken throughout the culture for determination of viable count, biomass 
concentrations, glucose and lactic acid concentrations. A peristaltic pump 
was comiected to the vessel via a sterile feed line. The pump was 
calibrated by using the time taken to pump a known volume of liquid. The 
piunp was initiated after 6 houi*s in the synthetic medium and after 3 hours 
in the complex medium.
4.4. Culture modelling.
This made use of a modelling package (SB ModelMaker) for Windows 
version 1, SB Technology, Basingstoke (Appendix III). The aim was to 
produce a predictive model initially for the cultures in the synthetic
44
------------------------------  Chapter 4 -------------------------------------- ------
medium. The mathematics were based on the microbial kinetic equations 
first developed by Monod (1949).
4.5. Culture viable count.
SterileEppendorf tubes containing 0.9 ml. of sterile maximum recovery 
diluent (M.R.D, 0.1% peptone and 0.85% sodimn chloride in distilled 
water) were prepared. 0.1 ml. of cultuie broth was then added to one of 
these Eppendorf tubes and mixed in giving a 1:10 dilution. This was 
continued until the desired dilution had been achieved and 0.1 ml. of this 
was pipetted onto M.R.S. agar and spread with a plastic spreader. This 
was performed fivefold for the required dilutions and the plates incubated 
for 48 hours at 30°C before counting and calculation of the viable coimt.
4.6. Culture biomass concentration.
Millipore filters (0.2 pm) were placed in a Petri dish and put in a 
microwave oven on maximum power (750 W) for 6 minutes. These were 
then placed in aflbsiccatof until required (minimiun 24 hours). They were 
weighed to an accuracy of ±100 pg. They were placed on a vacuum filter 
system and moistened with 10 ml. distilled water. 5 ml. of tlie culture broth 
was then filtered tlirough them and the remnants of the medium was rinsed 
away with a further 20 ml. of distilled water. They were returned to the 
microwave oven and subjected to full power for a fluther 6 minutes and 
then placed in the desiccator for a further 24 horns before being re­
weighed.
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10 ml. of the culture was centrifuged at 1200g for 5 minutes and the 
supernatant decanted into E p p e n d o rf  tubes and frozen for later use in 
assays. The remaining pellet was also frozen for reference.
4.7. Glucose and Lactic acid assay.
Botli glucose and lactic acid were assayed by High Perfonnance Liquid 
Chromatogiaphy (H.P.L.C.) using an Aminex HPX-87H, 300 x 7.8 mm 
column connected to a refractive hidex detector, with glucose running at 
about 9 minutes and lactic acid at about 16 minutes. The following 
protocol was used:
4.7.1. Deproteinisation.
0.88 ml. of culture broth was placed in an Eppendorf tube and to this 
0.12 ml. of 10% trichloroacetic was added. This was centrifuged at 2000g 
at 4°C for 30 minutes.
The supernatant could then be removed and frozen until required for the 
H.P.L.C.
4.7.2. H.P.L.C. configuration.
The mobile phase used was '0.5mM sulphuric acid (0.168 ml. in 2L 
Milli-Q water) wliich was degassed by sparging with helium. The system 
was flushed with the mobile phase overnight at a flow rate of 0.01 ml/min.
After flushing the system overnight the flow rate could be increased to 
0.6 ml/min in preparation for sample injection. The detector level was set 
to 1000 ± 2 and the peak threshold was evaluated. This should give a 
value of 12 - 20. if it did not then the system was left to flush for longer.
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The run time was set to 18 minutes and the samples were injected. The 
injection volume was 20pl for both tlie samples and standards.
A set of standards was prepared for glucose and lactic acid ranging from 
2.5 - 20 g/1. The results from these enabled standard curves to be produced 
and these were used to detennine tlie concentrations of glucose and lactic 
acid thi'oughout the cultures.
4.8. Amino acid analysis.
Amino acid concentrations were detennined by H.P.L.C. A Waters 
Pico*Tag 150 mm x 3.9 mm column was used. The temperature was kept 
at 38°C with a column oven. The detector was set at 254 nm and a mobile 
phase gradient was established. The protocol was as follows.
4.8.1. Deproteinisation.
0.88 ml. of culture broth was placed in a Eppendorf tube and to this 0.12 
ml. of 10% tricliloroacetic was added. Tliis was then centrifriged at 2000g 
at 4°C for 30 minutes.
4.8.2. Sample preparation.
• 5pi of sample was placed in a reaction vial with 5 pi of a known 
concentration of noiieucine to act as an internal standard. This was 
vacuum dried.
• lOpl of a redrying solution (a 2:2:1 mixture by volmne of ethanol, water 
and triethylamine respectively) was added and vortex mixed for a few 
seconds prior to vacuum drying again.
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• The derivatising reagent was prepai*ed. This was a 7:1:1:1 mixture by 
volume of ethanol, water, trietliylamine and phenylisothiocyanate 
(P.LT.C.) respectively.
• 20|al of derivatising solution was added to the rediied sample, vortex 
mixed and left at room temperature for 20 minutes before vacuum 
drying. The samples could then be stored, dessicated at -20°C for 
several weeks.
• Two eluents and a sample diluent were prepared:
• Eluent A : I. 19g sodium acetate trihydrate
II. Add 11 Milli-Q water
III. Add 0.5 ml trietliylamine
IV. Titrate to pH 6.40 with glacial acetic acid
V. Filter the solution
VI. Add 60 ml. acetonitrile to 940 ml. of the solution
• Eluent B : I. Measui'e 600 ml. acetonitrile.
II. Add 400 ml. Milli-Q water
III. Degas the solution.
• Sample diluent : I. 710 mg disodium hydrogen phosphate.
II. add 11 Milli-Q water
III. Titrate to pH 7.40 with 10% phosphoric acid
IV. Add acetonitrile to 5% v/v
• The sample was reconstituted in 200pl of sample diluent and 
thoroughly mixed.
20jLil was then injected into the H.P.L.C. which was progi'ammed with 
the following gradient (Table 6).
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Table 6: The eluent gradient for amino acid separation.
Time Flow (ml/min) % Eluent A % Eluent B
0.00 1.00 100 0
10.00 1.00 54 46
10.50 1.00 0 100
11.50 1.00 0 100
12.00 1.50 0 100
12.50 1.50 100 0
20.00 1.50 100 0
20.50 1.00 100 0
The amino acids ran within 12 minutes, but the column had to flush and 
stabilise, hence the 20.5 minute run cycle.
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Chapter 5
Optimisation of Culture 
Parameters
5.0. Fluctuations in cell size.
Throughout the discussion reference is made towards ‘heavy’ and ‘light’ 
cells. The term ‘heavy’ is used to describe, in the absence of scientific 
measurements, a cell which is either denser through the assimilation of 
extra medium components or the production of other intracellular 
compounds or a cell which is longer than the average cell. The term ‘light’ 
cells is used to describe cells which are either less dense or shorter than 
the average Lactobacillus plantarum cell.
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In order to optimise starter culture production in bioreactors, it was 
necessary to determine tlie effects of operating conditions on the culture 
yield, biomass concentration and viability (Beal et al., 1989). By 
examining tlie medium composition, pH, process temperature and degree 
of aeration, it was possible to improve the current production process of 
Interprise Ltd.
5.1. Loss of glucose.
hi a typical culture the homofennentative Lactobacillus plantarum will 
convert up to 95% of glucose in tlie culture medium to lactic acid (Tittsler 
et al., 1952) via glycolysis (Kandler, 1983). In a culture using the C6 
formulation medium with 40 g/1 of glucose the theoretical yield of lactic 
acid was approxhnately 40 g/1 of lactic acid. An approximation of the 
lactic acid concentration could be obtamed by monitoring the addition of 
the sodium hydroxide solution to the culture. One mole of sodium 
hydroxide is requhed to neutralise one mole of lactic acid. At hiitial 
glucose concentrations of 40 g/1, approximately 50 ml/1 of 8 molar sodium 
hydroxide should have been added to the bioreacter by the end of the 
culture, hi tliis culture there was a 60% conversion. The reason for this 
became apparent upon analysis of tlie culture supernatant (Figure 9). 
There was a 38% decrease in the glucose available for utilisation during 
the culture. This left 25 g/1 of glucose which was converted to lactic acid 
at the efficiency quoted above. The loss was due to caramélisation 
occurrmg at temperatures above 100°C experienced during autoclaving, 
and involving amino acids present in the yeast extract particularly those
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with a free amino group in their side chain. Lysine is the most reactive 
followed by arginine, tryptophan and then histidine (Coultate, 1989).
Figure 9, Carbon utilisation and lactic acid production at 37°C in autoclaved 06  medium
Yield (%) 10040
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Glucose (g/1) -4- Lactic acid (g/1)
-Total Carbohydrate (g/1) ^  Yield lactate from glucose (%)
Despite the caramélisation L. plantarum was apparently still able to utilise 
all the carbon in the system. L. plantarum did not produce lactic acid from 
the caramelised glucose. As L. plantarum is a strict homofeimenter it is 
unlikely that the carbohydrate was metabolised as the rate of lactic acid 
production decreased witli the glucose concentration. A reason for the 
disappearance of the remaining carbohydrate could have been due to these 
caramelised compounds reacting ftirther with a compound produced in, or 
added to the culture (e.g. lactic acid and sodium hydroxide) resulting in a 
compound which could no longer be detected by the phenol-sulphuric acid 
assay. Upon carbon depletion after 12 hours the culture biomass 
accretion ceased (Figure 10), which indicated that L. plantarum did not 
produce any metabolisable fennentation end products or intracellular 
storage compounds. The cessation of giowth was followed by a sharp
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decrease in viability of 48% over two hours. Dry biomass concentration 
exhibited this decrease to a lesser extent as cellular fragments caused by 
cell death and lysis would still be detected by the method used to calculate 
dry biomass concentration.
FigurelO: The growth of L. plantarum in autoclaved C6 medium at 37°C
CFU/ml (IE+Q9) Biomass (g/1)
Time (hours)
-Q-CFU/ml -O'Biomass (g/1)
The stabilisation of the viable cell population may be attributable to the 
release of substrate by the lysis of the dead cells which could be used to 
maintain the viable cells at a lower concentration (Chapman and Gray, 
1986 and Verhoff et al, 1972). This phenomenon is referred to as cryptic 
growth (Banks and Bryers, 1990, Mason and Hamer, 1987 and Hamer,
1985). hi the L. plantarum culture the viable cells would have been 
scavenging released cellular caiton and utilising this as a source of 
maintenance energy (Banks and Bryers, 1990 and Chapman and Gray,
1986).
52
Optimisation of Culture Parameters
5.2. Filter sterilisation of the C6 medium
Wlien the medium was filter sterilised (to prevent the loss of glucose due 
to caramélisation) an increase in lactic acid yield was appaient during the 
course of the culture due to the increased addition of 8N sodium hydroxide 
solution to tlie culture by the pH control system. Analysis of the culture 
(Figure 11) showed that the total glucose available to the organism was the 
specified 40g/l. This was converted presumably via glycolysis to lactic 
acid at the expected efficiency (90% in mid-exponential phase).
Figure 11 : The effect of filter sterilisation on the carbon usage and lactic acid production
of L  plantarum at 37°C.
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The increased level of glucose resulted in an increase in the viable count 
and biomass concentration (Figure 12) by 28% .
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Figure 12; The growth of L. plantarum in filter sterilised C6 medium at 37°C
Biomass (@/l)CFU/inl (lE+09)
0^
Time (hours)
-G- CFU/ml -B-Biomass (g/1)
At the end of the culture there was a sharp decrease in the viable count 
(48%), as observed in the autoclaved C6 fennentation (Figure 10, page 
52). Again it was coincidental with glucose exliaustion. In both cultures 
the decrease was approximately 50% suggesting that the maintenance 
energy required by one cell can be obtained from the cellular components 
of another. This decrease in viability was investigated further with a 
mathematical model.
A comparison of the viable coiuit and biomass concentration achieved 
from these two cultures (Figure 13) showed that filter sterilising the 
medium resulted in mcreased production, which was a 27.5% and 25% 
improvement for viable count and biomass concentration respectively than 
that attained tlirough autoclaving the medium. The filtering process 
prevented loss in glucose, amino acids, metal ions or a build up of 
inliibitory products caused by caramélisation during autoclaving.
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Figure 12: A comparison of 12 hr culture viable counts and biomass concentrations obtained by 
autoclaving or filter sterilising the C6 production medium.
CFU/ml (1E-+09) Biomass {gfi)
Autodaved Filtered
#  Viable count iSBiomass
5.3. L. plantarum culture at a reduced glucose level.
To investigate whether the loss in glucose by caramélisation was the sole 
reason for the decrease in viable count and biomass concentration, a 
culture with filter sterilised medium with a glucose concentration of 25 g/1 
was performed (Figure 14). The viable count was comparable to that of the 
experiment with 40 g/1 of filter sterilised glucose but the biomass 
concentration was reduced. Again a decrease in viable count at the end of 
the process was observed.
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Figure 14: The growth of L. plantarum in filter sterilised C6 medium with 25 g/1 glucose, at 37°C.
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Tliis reduction in biomass concentration may have been caused by a 
reduction in tlie concentration of amino acids. As amino acid uptake, both 
by the generation of a p.m.f and tlirough phosphate bonds is coupled to 
the concentration of adenosine triphosphate, (Konings et al, 1989) and the 
incoiporation of an amino acid into a protein requires the usage of two 
high-energy bonds in ATP to activate it (Forrest and Walker, 1971). 
Lower levels of ATP (due to a reduction in glucose) would result in a 
reduced level of amino acid assimilation and protein construction, hence 
smaller cells and the reduction in dry weight.
The utilisation of glucose and lactic acid production (Figure 15) by L. 
plantarum followed the pattern seen in the previous culture (Figure 11, 
page 53), but with a reduced final lactic acid concentration resulting from 
tlie lower initial glucose concentration. The time course of the culture was 
two hours shorter than with 40 g/1 of glucose present, yet the final viable 
comit was similar ( 1,07x10^^ CFU/ml compared to 1.06x10^° CFU/ml 
previously).
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FigurelS; Glucose utilisation and lactic acid production by L. plantarum in filter sterilised C6 medium
with 25 g/l glucose at 37°C.
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A reason for tliis coiild have been as a result of a shorter lag phase (Figure 
16) exhibited by culture at 25 g/l glucose concentration. The extended lag 
phase could have been due to a poor inoculum, but the results were 
reproducible. It could possibly have been that a form of inhibition was 
affecting tlie culture. Since it seemed to exert its effect during lag phase it 
was unlikely to be one of product inliibition, as the lactic acid 
concentration was less than 5 g/1. It was likely, tlierefore, assuming that 
there was inliibition, tliat the higher level of glucose was exerting substrate 
inliibition (Luong, 1987, Pirt, 1975 and Andrews, 1968). At the lower 
glucose concentration the culture’s substrate concentration was closer to 
Scrit (Pirt, 1975) for an increased period of time, resulting in growth at a 
elevated growth rate and a reduced culture time.
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Figure 16: The growth of L  plantarum, in batch culture in filter sterilised C6 medium at two glucose
concentrations.
CFU/ml (lE+09)
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The effect of reducing the glucose levels was further investigated in a 
shake flask experiment (Figure 17). There was not a significant difference 
(99% level) in the viable count with glucose levels ranging from 10 g/1 
tlu'ough to 40 g/1. The dry biomass concentration, as obsei*ved in the batch 
culture experiments (significant difference at the 99% level), exhibited a 
significant difference (99 % level) when the initial glucose level was below 
30g/l. With no significant differences in viable counts over the range of 
glucose concentrations, this supported the hypothesis that the cultui'e was 
subjected to a form of substrate inliibition. Growing at a reduced growth 
rate (but with an elevated energy level available) would have enabled the 
cell to increase its intracellular solute concentiation prior to cell division. It 
could be that the increased levels of intracellular solutes may be of benefit 
to the cultme, in the maintenance of viability, and that these heavier cells 
would exliibit an increase in survival rate tluough the downstream 
processing at Interprise Ltd.
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Figure 17: The effect of reducing the glucose levels on the viable count and biomass 
concentration of L. plantarum.
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In the autoclaved medium, where the available glucose was approximately 
25 g/1, the viable count and biomass concentrations were lower than those 
obtained in the filter sterilised medium with an initial glucose 
concentration of 25 g/1. This decrease in viable count and biomass 
concentration was not solely attributable to the loss of available glucose. A 
complete explanation for the phenomenon was not, therefore, obtained 
from these experiments.
5.4. Loss of nitrogenous compounds.
Caramélisation removes amino compounds from the system via the 
Maillard reaction. The amino acids involved are those with a free amino 
group in their side chain e.g. lysine, arginine, tryptophan and histidine 
(Coultate, 1989 and Spicher and Nierle, 1988). These amino acids are all 
present in yeast extract (Creuger and Creuger, 1991). Lactic acid bacteria 
being fastidious require an external source of amino acids (Driessen, 
1989), and the removal of these amino acids may have been contributing to 
the loss in viable count and biomass concentration. This was investigated
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by increasing the concentration of yeast extract (Figure 18) in both filter 
sterilised and autoclaved C6 medium. A filter sterilised concentrate of 
yeast extract was added to the sterilised medium to give elevated 
concentrations of 10% and 20%.
Figure 18: The effect of increasing the yeast extract concentration in both filter sterilised 
and autoclaved C6 medium on the viable count and biomass concentration of L. plantarum.
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In the filter sterilised medium there was a significant increase in viable 
count (99.9% confidence limit) upon increasing the yeast extract 
concentration, by 10%, no further improvement was obtained by 
increasing the yeast extract concentration any further. Biomass also 
significantly improved (98% confidence limit) when the yeast extract was 
increased by 10% but not at 20%. This indicated that the filter sterilised 
medium is nitrogen limited, when the glucose concentration is at 40g/l. 
When the glucose concentration is reduced the reduction in the biomass 
concentration seems to suggest that under those conditions the culture is 
carbon limited.
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Increasing the yeast extract concentration by 10% in the autoclaved 
medium significantly improved the viable count (99% confidence limit), 
but no significant increase was obtained by increasing the yeast extract 
concentration by 20%. Biomass concentration was significantly improved 
(99.9% confidence limits) by the increase of yeast extract at both levels.
As tlie addition of extra yeast extract to compensate for the loss of amino 
acids in the Malliard Reaction did not increase the viable count and 
biomass concentration to those in the filter sterilised medium, there must 
have been a further factor involved. This was probably one of inliibition 
caused by some of the products of the caramélisation process such as 
propenal, 2-oxypropenal and ethanedial (Coultate, 1989).
5.5. Inhibition by lactic acid.
Numerous authors (Giraud et al., 1991, Bibal et al., 1988 and Osborne, 
1977) have reported an inhibitoiy effect on growtli and viability by lactic 
acid/lactate. This inliibitory effect was observed when the glucose 
concentration was above 5% w/v (50g/l). This was investigated by adding 
sodium lactate (the form of lactic acid in the bioreactor due to the addition 
of sodium hydroxide solution to control the pH) at known concentrations 
to C6 medium prior to filter sterilising. Shake flask cultures were 
maintained for 12 hours. Viable counts (Figure 19) were used to determine 
the effect of this increased lactate level on L. plantarum. There was no 
significant inliibition (99.9% confidence limit) by initial sodium lactate 
levels of up to 30g/l (3%v/v). These initial levels would have been 
augmented by the lactic acid produced during growth, increasing the total 
lactate/lactic acid concentration. There was a possibility that the total
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lactate levels did not exceed 5% v/v (hence the absence of an inhibitory 
effect which had previously been reported by Giraud et al., 1991, Bibal et 
al., 1988 and Osborne, 1977), or that this strain of L. plantarum was more 
resistant to lactic acid.
Figure 19. The effect of lactate on the viable count of Lactobacillus plantarum in shake flask culture
after 12 hours
CFU/ml (lE + 09)
5 7.5 10 15
Lactate concentration (g/1)
A further possibility is that as the concentration of glucose in the C6 
medium was 40g/l the sodium lactate levels only approached levels of 20- 
35g/l in the final two hours (Figure 11, page 53) of a culture. It was 
unlikely that lactic acid posed a significant problem to the process since 
these cultures were incubated over a period of 12 hours with harvesting 
occurring simultaneously with glucose depletion. This limited the exposure 
time of the organism to elevated lactate levels, in the absence of an energy 
source. The decrease in viable count upon glucose exhaustion may 
therefore have been as a result of lactic acid induced death. This 
possibility is given further credence by the work of Giraud et al., (1991), 
Bibal et al., (1988) and Osbourne (1977) whom all reported lactic acid 
inhibition. Their work was based on culture times of up to 70 hours. This
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resulted in the culture being exposed to high concentrations of lactic acid, 
for prolonged periods when the energy source had been exhausted. 
Without an energy source the culture could not maintain the 
electrochemical gradient necessary to remove to keep the cytoplasm 
more alkaline than the medium (Kashket, 1987). Furthermore, these 
extended cultures consisted of the culture being in stationary phase for 
most of the time and inhibition by lactate in stationary phase has been 
documented (Friedman and Gaden, 1970).
5.6. Prolonged culture time.
A culture was maintained in the bioreacter for 24 hours. Samples were 
taken at 12, 16, 20 and 24 hours. Viable counts were obtained and the 
samples were frozen in 10% v/v glycerol at -20°C. After 48 hours frozen 
storage the samples were used to prepare an inoculum. This would 
determine whether exposure to high lactic acid levels could lead to 
reduced inoculum viability.
Figure 20; The effect upon prolonged culture on the viable count of freezer stock and inoculum
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63
---------------------------------------------Chapter 5------------------------------------------—
Prolonging the culture time resulted in a decrease in viability of L  
plantarum after storage at -20°C (Figure 20). After the pre-culture stages 
the viability had recovered and so the bioreactor inoculum was unaffected.
5.7. Initial pH.
Lactic acid bacteria maintain a cytoplasmic pH which is more alkaline than 
that of the medium. This acidifies during growth until a minimum is 
reached (approximately pH 5.7 from pH 7.6 in streptococci), when growth 
stops (Kashket, 1987). . This acidification places the organism under 
greater environmental stress, possibly leading to a decrease in viability.
Figure 21: The effect of initial pH on the viable count of L. plantarum in shake flask culture.
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There was no significant (99% confidence limit) loss in viability or 
biomass concentration over the range of pH 7.1 - 5.5. (Figures 21 and 22). 
It is known that proteolytic activity of lactic acid bacteria is affected by 
pH. De Giori et ai, (1985) demonstrated that the optimum pH for L. 
plantarum proteolytic activity was pH 5.60-6.20, and Giraud et a i, (1991)
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showed that the optimum pH for L. plantarum growth was close to pH 6.0. 
There was a significant (99% confidence limit) inhibitory effect on 
viability once the pH dropped below 5.5. This was probably due to the 
breakdown of the culture’s p.m.f. and the increase of protons acidifying 
the medium. The reduction in proteolytic activity may also have reduced 
the availability of certain nitrogenous compounds to the organism and 
therefore limited its growth. Biomass concentration was affected to a 
lesser extent. A significant decrease in biomass concentration(95% 
confidence limit) was however observed when the initial pH was below
5.0.
Figure 22: The effect of initial pH on the biomass concentration of L. plantarum in shake flask culture 
Biomass (g/1)
^ 4  hours ^ 8  hours E312 hours
With all the cultures the final pH was approximately 4.20 except those in 
which the initial pH was lower than pH 4.20, indicating that L. plantarum 
grows very poorly at pH levels below pH 4.20. The interpretation of this 
experiment was that an alteration of the production pH (pH 5.5) was 
unlikely to have any effect upon the biomass concentration, or more 
importantly, the viable count.
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5.8. The effect of temperature.
The temperature at which a culture is performed can have a marked effect 
upon the viable count and biomass concentration. It is one of the easiest 
parameters to control in a modem bioreactor. A temperature block was 
employed to investigate whether the current temperature being used 
(37°C) was the most effective, as maximum growth rate does not 
necessarily equate to maximum viable count and biomass concentration. 
Viability was investigated over the temperature range 22-40°C in the filter 
sterilised and autoclaved medium. The results for the filter sterilised 
medium (Figure 23) showed that there was no significant difference 
(99.9% confidence limit) in viable count between 28-38°C.
Figure 23; The effect of temperature on the growth o f  L. plantarum in filter sterilised C6 medium
CFU’s/ml (lE+09)
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The results for the autoclaved C6 medium (Figure 24) mirrored those in 
Figure 23 but, as expected, the viable counts were lower.
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Figure 24; The effect of temperature on the growth o f  L  plantarum in autoclaved C6 medium
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These results exhibited the classical response of an organism to changes in 
environmental temperature. Once passed the maximum growth temperature 
there was a very rapid decrease in the growth of L. plantarum 
(Mandelstam et al, 1986), within two degrees Celsius. This was probably 
due to the inactivation of proteinase and peptidase enzymes (Hillier et al, 
1975). The difference between optimum temperature (37/38°C) and 
minimum temperature (28°C) was large compared to that of maximum 
temperature (40°C ) as the metabolic enzymes were not denatured.
Since the product is sold quoting colony forming units/gram, maintenance 
of a high viable count is an important factor in the process. If the 
temperature of the process was reduced to 30°C without loss in viable 
count there would be an energy saving of 147000KJ per production run. 
This was determined by assuming the specific heat capacity of the medium 
to be that of water i.e. 4.2KJ/°C/Kg. The production runs were performed
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at 37°C with a working volume of 3000L, so there would be a 7°C drop in 
temperature
The temperature block experiment was without pH control or agitation to 
prevent the cells settling out so a scaled down version of the production 
process in a laboratory bioreactor was undertaken. This was performed at 
both 30°C and 37°C using filter sterilised medium (Figure 25) since the 
error bars on the temperature block experiment suggested no difference 
between the culture over the temperature range 38-30°C.
Figure 25: The effect of a reduction in temperature on the viable count and biomass concentration of 
L. plantarum in filter sterilised and autoclaved C6 medium
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This reduction in temperature increased the viable count and biomass 
concentration under production conditions in the filter sterilised medium 
by 39% and 15% respectively. An increase was also observed in the 
autoclaved medium with the viable count increasing by 56% and the 
biomass concentration by 41%.
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At both these temperatures with filter sterilised C6 medium the final viable 
coimt and biomass concentration was above 1.00x10^^ CFU/ml, with an 
even liigher viable count and biomass concentration at the lower 
temperature. The differences were not significant, as observed in the 
temperature block (Section 5.8., page 66), but operating a process at a 
lower temperature which had no effect upon the yield would have reduced 
the process overheads. Tliis is almost a 1000% improvement on those 
attained in recent production processes by Interprise (2.00x10^ CFU/ml) 
and an increase of about 30% on previous viable counts and biomass 
concentrations obtained by Interprise Ltd of 8.50x10^ CFU/ml (personal 
communication). Filter sterilising 50001. on a daily basis was not a viable 
option for an industrial scale process due to the initial cost, the equipment 
already in place and the short tum-around time required. An alternative 
method was therefore necessary.
The result obtained with the autoclaved medium at 37°C was an 
improvement on that achieved by Interprise Ltd. The only difference in 
processes was one of scale. As Interprise were working witli 5000 litre 
batches and these experiments involved 7 litres there could possibly have 
been a greater degree of caramélisation. As tlie holding times at 121 °C 
were equal the increased caramélisation could have been due to prolonged 
exposure of tlie medium to temperatures >IOO°C as 5000 litres would 
take longer to cool tlian I litre. A reduction in the sterilisation temperature 
and/or time of sterilisation may reduce tliis caramélisation and therefore 
increase the viable count and biomass concentration. A problem witli this 
approach is increased likelihood of contamination, but the medium 
composition, pH, speed of growth and size of the inoculum minimise the 
potential affects of incomplete sterilisation.
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5.9. The effect of culture aeration on the viable count of L, plantarum.
It is generally agreed that L  plantarum is capable of an aerobic 
metabolism (Murphy and Condon, 1984, Archibald and Fridovich, 1981 
and Gotz et al, 1980a and 1980b). Whether these reactions are of benefit 
to the viability of the organism is unknown (Murphy and Condon, 1984). 
The production of L. plantarum at Interprise Ltd did not involve aeration 
but neither did it involve the overlaying of an inert gas to exclude any air 
present in the bioreactor head space. The air would enter the culture 
through surface diffusion and be dispersed into the culture by the stirring.
A shake flask experiment was performed to investigate whether the degree 
of aeration affected the final viability of L  plantarum. Cultures were 
performed in the absence of agitation, with agitation (250 rpm) and with 
agitation (250 rpm) in baffled shake flasks (Figure 26).
Figure 26; The effect of culture aeration on the viable count of a 12 hour culture of L. plantarum in 
shake flask culture at 30°C in filter sterilised C6 medium
CFU/ml (lE + 09)
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Shaken baffled
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The results showed tliat culture aeration had no significant effect (99.9% 
confidence limit) upon the final viable count. It could be concluded tliat 
overlaying of the culture with an inert gas would not have any effect upon 
culture viability and would only increase production costs.
5.10. Recommendations.
The recommendations from this work were that the operating temperature 
should be reduced to 30°C, and the sterilisation time and/or temperatui*e 
should also be reduced. There was also an argument for increasing the 
concentration of yeast extract by 10%, as the heavier cells resulting from 
culture growth witli an elevated yeast extract concentration may have a 
higher survival rate tlirough the downstream processing and freeze-drying.
5.11. Footnote.
These increases were obtained by manipulation of the enviromnental 
conditions upon L  plantarum ( an em p irica l approach) to redress the loss 
suffered by Interprise Ltd. They do not address the reason as to why 
Interprise Ltd suffered the loss in viability in the first instance. This is 
likely to remain unknown. By producing an accurate predictive model (a 
rational approach) for the process it may be possible to frirther improve the 
process. Another use for the model would be in assessing and improving 
viability since the greatest loss in viability is during the freeze drying 
process. To achieve this a totally defined medium had to be developed 
where it would be possible to follow the important components over the 
course of the batch culture.
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5.12. Summary.
I. Autoclaving removes essential amino acids and peptides from the pool, 
of available nutrients for L. plantarum via caramélisation.
II. The products of caramélisation also have a slight inhibitory effect on 
the culture.
III. Filter sterilising the medium prevents caramélisation and the 
subsequent loss in viable count and biomass concentration.
IV. Increasing the yeast extract concentration improved the final viability 
and biomass concentration,
V. The production of lactic acid only starts to have a significant 
inhibitory effect upon giowth at high (>20g/l) concentrations. Tliis only 
occurs in the final two hours of the culture and probably does not 
adversely affect the final viable count.
VI. Alteration of the culture pH would not improve the process.
VII. A reduction in temperature reduces operational costs but does not 
reduce the production viable count and biomass concentration.
VIII. Diffusion of air fiom the bioreactor head space into the culture had 
no effect upon the final viability.
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Interprise Ltd have infonned me that they now sterilise the medium by 
heating it to 134°C for 30 seconds via a heat exchanger plates. The viable 
counts and biomass concentrations they are now achieving are consistently 
above l.OOE+10, an improvement of 30% on tlie previous high (8.00x10^ 
CFU/ml to 1.50x10^^ CFU/ml) and almost a 1000% increase on the 
present yields (2.00x10^ CFU/ml to 1.50x10^^ CFU/ml). This is in 
agreement with the results from the above work. They have since used this 
process tlu oughout a production season.
On a recent working visit the yeast extract concentration was increased by 
10% (increasing medium costs by 7%). The end viable counts did not 
exliibit a significant increase (99% confidence limit), but biomass 
concentration increased by 15%. Previous cultures yielded enough freeze 
di'ied L. plantarum to treat 7266 ± 2353 tonnes of silage. Since 
implementing the modified medium this has risen to 12262 ± 978 tonnes of 
silage a 40% improvement. This seem to indicate as suggested earlier that 
biomass concentration is very important in the survival of L. plantarum 
through the down stream processing and fr eeze drying.
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Lactobacillus plantarum 
Culture in a Defined 
Medium
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6.1. Development of a defined medium
The medium initially used was that developed by Ledesma et a l (1977). 
The first test was to ascertain whether it could support the growth of L  
plantarum and to compare biomass yields and viable count with that of the 
production medium. Experimentation revealed that both parameters were 
reduced (Figure 27). Previous work (Figure 17, page 59) in a complex 
medium had demonstrated that the glucose concentration (lOg/1 compared 
to 40g/l, in the same medium) would not account for the decrease in 
biomass concentration and viable count observed. This decrease in viable 
count and biomass concentration was presumably attributed to a 
requirement for an elevated level of medium component(s) such as the 
amino acids or vitamins.
Figure 27: A comparison of viable count and biomass concentrations of L. plantarum 
in a defined and a complex medium
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A time course was obtained during a bioreactor experiment. The viable 
count did not reach that of the production medium (3.65x10^ CFU/ml
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compared to 1.50xl0^^CFU/ml) despite the experiment continuing for 48 
hours (Figure 28). When the maximum viable count had been reached a 
shaip initial decrease followed by a steady decrease m viability occurred. 
When growth ceased there was still glucose present in the medium and 
non-growth associated lactic acid production was observed (Leudeking 
and Piret, 1959). The steady decrease in viable count indicated that cryptic 
growtli was not occurring in tliis culture. Previously, cryptic growth had 
been associated wMi the recycling of carbon from lysed cells to provide 
maintenance energy (Banks and Biyers, 1990 and Chapman and Grey, 
1986).
Figure 28: Bioreactor culture growth of L. plantarum under production conditions in a defined
medium
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Glucose was still present in this culture at the time of and after cessation of 
growth so the organism should have been able to utilise this for the 
production of maintenance energy. The contmued production of lactic acid 
indicated ATP production by the organism. The culture was presumably, 
therefore, limited in either its amino acid/base or vitamin content and that 
wliichever compound/s that was required to maintain viabihty was utilised
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by the cell and was therefore unavailable to the culture upon lysis of the 
cell. It seems unlikely that the vitamin concentration was the limiting factor 
as niunerous reports have highlighted the vitamin requirements of 
Lactobacilli (Ruiz-Barba and Jimenez-Dias, 1994, Rogosa et a l, 1961., 
Lichstein, 1960 and Snell, 1949). They indicated that tliese vitamins are 
only needed in trace amounts. Also, the B vitamins are utilised as catalysts 
in enzymatic reactions e.g.pyridoxineis a co-enzyme in the transamination 
of amino acids (Mandelstam et ai, 1986).
Glutamic + Pyruvic + Pyridoxal  ^ -..... ^  Oxoglutaric + Alanine + Pyridoxal
acid  acid  phosphate acid phosphate
As catalysts are not utilised in chemical reactions, cell lysis after death 
would have resulted in tlie release of the vitamins into the medium where 
they could be re-assimilated.
This indicated that the culture was limited in its amino acid/base 
components despite their concentrations being equivalent to or greater than 
tliose in the yeast extract in the complex medium (Cmeger and Cnieger, 
1989). However it was known that peptides (present in yeast extract) show 
greater growth promoting activity than equimolar amounts of their 
component amino acids (Prescott et a/, 1953), so by increasing the amino 
acid concentration an elevation in biomass and viable count yields may 
have been possible.
6.2. Elevation of amino acid and base concentrations.
In order to attempt to replicate in synthetic medium the viable counts and 
biomass concentrations achieved with the complex production medium the
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effect of varying the concentrations of the amino acids and bases was 
investigated (Figure 29).
Figure 29: The effect of increasing the amino acid concentration or amino acid and 
base concentration on the viable count of L. plantarum.
CFU/ml (lE + 09)
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Increasing the amino acids gave rise to an increase in viable count, with a 
fiftyfold increase in amino acid concentration yielding the largest increase 
(Figure 29). Wlien this was combined with a rise in the base concentration 
there was no significant increase (98% significance level). There was still 
a large ( difference between the growth obtained in the enhanced
synthetic medium and the complex medium. The medium containing the 
amino acids at the fiftyfold level was chosen for the bioreactor 
experiments as during a batch culture with controlled pH growth was 
about threefold greater with respect to viable count (l.lOxlO^^CFU/ml, in 
bioreactor culture compared to 4.00x1 O^CFU/ml in shake flask culture). 
These increased levels of growth would require an elevated nitrogen 
concentration to support growth, and the amino acids at this highest 
concentration prevented nitrogen limitation.
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The medium with the amino acids at the fiftyfold level was renamed as 
LPl and a further experiment was performed in bioreactor culture under 
production conditions (Figure 30) using this medium, LPl.
Figure 30: Bioreactor culture growth of L. plantarum in LPl medium under production conditions
5CFU/ml (lE + 09) Biomass (g/1)
10 -
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Under controlled conditions and prolonged culturing LPl supported 
growth with viable counts and biomass concentrations similar to those in 
the production medium (Figure 30). Growth to this elevated level indicated 
that the supposition that the vitamin concentration was not the limiting 
factor was correct. There was a sudden decrease in viability at 40 hours of 
about 40%. This effect was duplicated on repetition of the experiment.
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Figure 31: Glucose utilisation and lactic acid production by L  plantarum in bioreactor culture in LPl
medium
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The decrease in viability was also apparent in the culture with tlie original 
medium fonnulated by Ledesma et al, (1977), (Figure 28, page 75). After 
the initial decrease tlie culture began to giow again, presumably as a result 
of the compounds released during lysis. This was in sharp contrast to tlie 
results observed in the culture using the medium originally formulated by 
Ledsema et al, (1977) which exliibited a continued decrease in viable 
count (Figure 28, page 75). This decrease in viability was similar to that 
observed in bioreactor cultures using the complex, C6, medium (Figure 10, 
page 52) as it coincided with glucose depletion.
The long lag phase could be attributed to the veiy low inoculum level 
which was used to minimise tlie carry over of nutrients fi om the inoculum 
culture medium. Future experiments would feature the incorporation of a 
couple of pre-inoculum stages involving the culturing of L. plantarum in 
the synthetic medium prior to inoculating into the bioreactor. Even 
accounting for the long lag phase, the growth phase occurred over 16 
hours, which was more than double the time required in the complex
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medium, indicating the preference for peptides as opposed to free amino 
acids (Peters and Snell, 1953 and Kihara et ai, 1952a).
The decrease in viable count in this culture was attributed to the 
exliaustion of glucose. In the previous culture (Figure 28, page 75) the 
decrease in viable count was presumably as a result of the exliaustion of an 
amino acid. The possibility arises that a single amino acid has a direct 
bearing upon the viability of the culture. If it could be identified, its effect 
upon the growth of L. plantarum^ could be examined and used in a 
predictive sense once incorporated into a mathematical simulation. An 
understanding of the principles involved in the maintenance of viability in 
a defined medium where the parameters could be measured should pennit 
the modelling and examination of the complex medium where the 
parameters were not readily distinguishable.
6.3. The effect of the individual medium components of LPl on the 
growth of JL. plantarum in shake flask culture.
To assess the importance of individual medium components on the growth 
of L. plantarum in LPl medium a series of 41 shake flasks of LPl medium 
were prepared. A different component was omitted from the medium in 
each shake flask and tlie viable count and biomass concentrations were 
monitored (Figures 32 and 33). Growtli was absent when glucose was 
omitted, as tlie assimilation of amino acids has been closely linked to the 
availability of glucose (Driessen, 1989, Holden et al., 1968 and Bauchop 
and Elsden, 1960), and energy is necessary to maintain intiacellular pH as 
well as a p.m.f. (Jewel and Kasliket, 1991, Kashket, 1987 and Measures, 
1975). The loss in viable count when an individual component was omitted
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also demonstrated the necessity to contrive the development of such a 
complex medium.
The error bars on the control (Figure 32) indicated that the only essential 
vitamin appeared to be niacin. Omission of the other eight did not seem to 
have a deleterious effect upon growth. This was probably due to the 
complexity of the medium as it is known that in the presence of Tween 80 
the necessity to include biotin in the medium is removed (Ledesma et ai, 
1977). Alanine can also replace the requirement for pyridoxine (Kihara 
and Snell, 1952 and Shankman et ai, 1947), if both the D- and L- forms 
are present (Peters and Snell, 1953). These results indicated that vitamins 
were of secondary importance to the growth of the culture behind its 
requirement for an energy source and amino acids. This added further 
weight to the earlier suggestion that the L. plantarum culture in the 
medium formulated by Ledesma et al, (1977), (Figure 28, page 75) was 
not limited by its vitamin content but by its amino acid content.
Figure 32: The eflFect of omitting individual components from LPl medium on 
the viable count of L. plantarum.
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The amino acids could be ranked according to the viability decrease on 
their omission. Valine, tyrosine, lysine, glutamic acid, tlrreonine, arginine 
and histidine appeared to exliibit the greatest effect upon growtli. Koser 
and Thomas, (1957) reported similar observations, with valine, leucine, 
isoleucine, aiginine, glutamic acid, tyrosine, phenylalanine and tryptophan 
being essential components for the growth of L  plantarum. Ledesma et 
ai, (1977) determined that valine, glutamic acid and leucine were essential 
for the growth of Lactobacilli'. Witliin the Lactobacilli the number of 
essential amino acids required for growth is dependent upon the individual 
species (Chopin, 1993, Morishita et al, 1981 and Dumi et al, 1947). 
Omission of cysteine: resulted in an increase in viable count and biomass 
concentration, suggesting that cysteine had a slight inliibitory effect. This 
was contrary to the research of Koser and Thomas, (1957) which showed 
cysteine to be essential for growth, it was therefore decided to keep tlie 
medium in its present form. Some of tlie vitamins appeared to exhibit an 
inhibitory effect e.g. riboflavin, biotin and folic acid. They were retained in 
the medium as their error bars overlapped those of the control culture.
Figure 33: The effect of omitting individual components from LPl medium on 
the biomass concentration of L  plantarum.
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The effect of these individual amino acids has been previously reported 
(Morishita et al., 1981, Peters et al, 1953 and Kihara et al, 1952), but in 
all these cases, it was noted that the coixesponding peptides had a greater 
growth promoting effect. There were some inhibitory compoimds with 
respect to viable count. Cysteine was the only inliibitory compound which 
inliibited viable count and biomass concentration. It was however retained 
in the medium as Koser and Thomas (1957) had reported it necessary for 
the growth of L. plantarum. Similar effects on the biomass concentrations 
were observed (Figure 33). An increase in biomass concentration may 
therefore be indicative of an increase in viable count. A model based upon 
biomass concentrations (e.g. Bree et al, 1988 and Monod, 1949) was used 
to predict increases in, or maintenance of viable count. A biomass 
measurement was obtained fi'om the inoculum prior to inoculating the 
bioreactor. The datum was incorporated into tlie model and a prediction of 
rmi time and final biomass concentration obtained. The culture could then 
be hai*vested when the cells reached their desired status, or the culture 
conditions could be altered to achieve the desired result. This could help 
prevent cultures from ‘failing’ as remedial steps could be taken at a very 
early stage in tlie culture.
6.4. Amino acid assimilation during a batch culture of L. plantarum in 
LPl medium.
Amalysis of the changes in the amino acid concentrations in the batch 
culture using LPl helped to ftirther identify the important amino acids 
(Figures 34-38).
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Figure 34: Specific uptake rate and utilisation of basic ainino acids during a batch culture of L.
plantarum in LPl medium
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The largest changes in ainino acid concentrations occuiTed during the long 
lag phase. During this period those ainino acids were presiunably 
assimilated by the culture via I f  : amino acid symport and phosphate 
driven bonds (Driessen, 1989 and Konings et al, 1989) with the former 
predominating, as a result of a lower energy requirement than the 
phosphate driven transport system. Figure 34 suggested that the cell is 
producing arginine (a negative assimilation rate) and excreting it from the 
cell possibly in an attempt to assimilate ornithine via the antiport system 
(Driessen, 1989). The excretion continued throughout the culture as no 
ornithine was present in the medium.
Calculations involving the total viable cell count and biomass 
concentrations indicated that during this lag period, the cells apparently almost 
ten times heavier than cells during the exponential phase, again this 
indicated the possible accumulation of amino acids. Amino acid
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accumulation of up to 1000 times tlie concentration of tliat in the 
environment has been reported in Lactococci (Driessen, 1989).
Figure 35: Specific uptake rate and utilisation of aliphatic amino acids during a batch culture of L.
plantarum in LPl medium
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As the medium was devoid of peptides L. plantarum had to construct the 
required proteins fi'om amino acids. With proteins containing numerous 
amino acids this may also explain why so many of the amino acids were 
assimilated.
The constant low level uptake of aliphatic amino acids (Figure 35) during 
exponential growth seemed to indicate a constant requirement for these 
amino acids. This is in agreement with the omission experiment wliich 
indicated that these four amino acids (alanine, valine, isoleucine and 
leucine. Figure 32, page 80) were essential for. growth. They are all 
assimilated by an E[^ : amino acid symport, which could explam then initial 
high uptake rate. It could also explain their continued uptake after glucose 
exhaustion (40 hours), as a proton gradient would have still been present
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though probably in tlie process of breaking down, hence the reduction in 
specific uptake rate.
Figure 36; Specific uptake rate and utilisation of aromatic amino acids during a batch culture ofL.
plantarum in LPl medium.
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Tyrosine (Figure 36) which had previously been shown to be an essential 
amino acid was continually assimilated throughout the culture until the end 
of the growth phase. This suggests tliat it is required tluoughout growth. 
L. plantarum is able to degrade tyrosine to produce tyramine which would 
cause an increase in pH without the production of ammonia (Jonsson et 
al, 1983). Production of tyramine may therefore have helped counter the 
acidification of the cytoplasm by lactic acid production. This would be of 
added importance in environments where giowth requires a high energy 
expenditure, and thus the energy available for pH maintenance is reduced. 
Phenylalanine and tiyptophan were maintained at a constant level 
tliroughout most of the culture, which suggests they exerted a stimulatory 
effect upon growth and it was just their presence which was required for
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growtli. The increase in utilisation near tlie end of the culture may have 
been as a result of an exliaustion of other amino acids and they were being 
used as general purpose building blocks.
Figure 37: Specific uptake rate and utilisation of sulphur-, hydroxyl- and cyclic amino acids during a
batch culture of L. plantarum in LPl medium.
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Sulphur-, hydroxyl- and cyclic amino acids (Figure 37) followed a similar 
pattern to that exliibited by the aromatic amino acids with the exception of 
proline. Proline was assimilated in large quantities as the exponential 
growth phase approached. This may be due to the role of proline in 
osmoregulation. As the culture neared the end of lag phase the 
concentration of lactic acid was increasing. This would have altered both 
the pH and osmolarity of the medium. While the pH was decreasing from 
pH 7 to pH 5.5 (When pH control would commence) the organism would 
be in a changing enviromnent. To compensate for the change in osmolarity 
and in the absence of glutamate and glycine betaine, proline was 
presumably accumulated to act as a compatible solute (Measures, 1975).
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Once the enviromnent stabilised at pH 5.5 proline was no longer required 
in such high concentrations and hence its excretion.
Figure 38: Specific uptake rate of dicarbojg^Iic amino acids during a batch culture of L  plantarum in
LPl medium.
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The dicarboxylic amino acids (Figure 38) were botli assimilated by a 
phosphate bond driven system which, being the most energetically 
demanding process may explain then initially low assimilation. As the 
culture progi'essed the uptake increased. For the first 30 hours of the 
culture both asparagine and glutamic acid followed a similar pattern which 
is not unlike that of proline (Figure 37, page 86). This may again have 
been due to osmoregulation as the glutamate ion is also used as a 
counterion (Jewell and Kasliket, 1991 and Measures, 1975). The 
utilisation of asparagine may have been due to a requirement for aspartic 
acid, not present in LPl medium and yeast extract (Crueger and Cmeger, 
1989) though other researchers have included it (Westby et al., 1993 and 
Demain and Hendlin, 1958). Lactobacillus plantarum possesses a L-
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asparaginase which catalyses the hydrolysis of L-asparagine to aspaitic 
acid and ammonia (Nalepka et al, 1981, Wade, 1980) which can be used 
in other metabolic processes e.g. protein constmction and amination 
respectively.
To further assist with identifying significant amino acids principle 
component factoring and cluster analysis were employed.
Principal components factoiing (Figure 39), a statistical procedme for 
reducing the variability expressed in a huge number of factors to a smaller 
number of vectors which can then be used to plot the relationship between 
the cases (in this case the uptake and assimilation rates of the amino acids 
in the defined medium) in vector space (Bull et a/., 1990). This revealed 
that lactic acid production rate and alanine uptake rate varied 
independently of the other culture parameters.
Figure 39: Principal component analysis of the uptake and assimilation rates of amino acids in LPl 
medium in relation to lactic acid production and viability of L  plantarum.
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The absence of a relationship between ainino acid uptake and lactic acid 
production provided evidence that the major source of lactic acid in L  
plantarum is from carbohydrate metabolism (Gold et al, 1992 and 
Tittsler, 1952). Some amino acids mapped close to the CFU value in tliis 
plot, suggesting tlieir importance in the production of viable cells and, 
perhaps, maintenance of viability. This was further investigated by 
subjecting the same data to cluster analysis.
Cluster analysis identifies groups of similar individuals within a population 
and indicates possible relationships in the form of a dendrogram (Bull et 
al, 1990). This has been extensively used in numerical taxonomy of 
micro-organisms. This method (Figure 40) enabled the relationsliips 
between the remaining culture paiameters, which were not easily 
distinguished using the principle component factoring to be determined.
Figure 40: Cluster analysis of the relationship between amino acids and viable count and lactic acid
production of L. plantarum in LPl medium.
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This analysis indicated that the increase in viable count was only directly 
correlated with the uptake rate of tyrosine. This had previously been 
shown to be significant in the production of biomass and viable cells 
(Figures 32 and 33 pages 81 and 82). It was also apparently utilised 
tliroughout a bioreactor culture (Figure 36, page 85). Cysteine, glutamic 
acid, asparagine and alanine uptake rates exliibited the lowest relationship 
with viable count increase. The result for glutamic acid was miexpected as 
it had previously been shown (Figure 31, page 81) to be important in the 
growth of the organism. It would support the tlieoiy that glutamate was 
being used as a counterion in response to the changes in osmolarity of the 
medium. In that role it would not be linked to tlie production of viable 
cells. The cluster analysis also indicated that the relationship between the 
other amino acids and viability was likely to be similar.
Cluster analysis as with principle component factoring showed that alanine 
uptake and lactic acid production were not related to the other culture 
parameters. The alanine used was the D,L- racemid hi accordance with 
the formulation of Ledsema et al, (1977). Kihara and Snell, (1952) 
demonstrated that D- alanine strongly inliibited the utilisation of L-alanine 
but was, itself necessary in the absence of vitamin B6. If D-alanine was 
inliibiting L-alanine uptake this may explain why principle component and 
cluster analysis suggested that alanhie was not related to viable count. An 
experiment was performed to investigate whetlier alteration of the form of 
alanine present (Figure 41) in the medium would enliance viable count.
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Figure 41 : The efifect of the isomeric forms of alanine on the viable count and biomass concentration 
of L. plantarum in shake flask culture in LPl medium.
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There was no significant difference (99% confidence limit) in the biomass 
concentration or viable count when an alternative isomer of alanine was 
used in the medium. This result combined with the principle component 
and cluster analysis suggest that alanine was not an essential nutrient with 
respect to its assimilation and subsequent effect upon viable count.
With an understanding of the interactions between the organism and its 
environment with respect to its nutritional requirements the next stage was 
to develop a computer simulation. It was capable of accurately simulating 
the process and used as a tool in rational process development.
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7.1 The modelling rationale.
A computer model was developed with the objective of simulating amino 
acid assimilation, its effect on biomass accretion and the possible role of 
its inhibitory products. The intention was to exploit the predictive 
properties of the model in process development.
7.2. The development of a simple unstructured model.
The data used for the construction of the model were the biomass 
concentrations and time-dependent culture extracellular nutrient 
concentrations obtained by assaying the supernatants of samples of the 
culture in LPl medium (Figure 30, page 78, Appendix II). A simple flow 
diagram was constructed whose components consisted of three basic 
equations used to matliematically describe microbial cell gi'owth. These 
were based upon tlie work of Passos et al, (1994), Crueger and Cmeger, 
(1989), Fiolitakis, (1985), Humplirey, (1979), Nyholm, (1976) and 
Monod, (1949). Equation 1 considers the uptake or assimilation of a 
limiting nutrient by a saturating process according to enzyme kinetics 
(Rutgers, Van Dam and Westerhoff, 1991). The equations below therefore 
represented cell gi'owth rate (p), microbial mass present (x) and substrate 
(s) as respectively.
Growth rate: pi = (1)
dxRate of change of biomass concentration: —  = //.x (2)dt
r  X ^ (Substrate remaining: S= So- ——  (3)V yield/
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Initial values for the parameters S and yield.
The initial values used for pmax, Kg, S and yield were as follows;
Pmax: 0.17 hr"^
This was determined by examining the experimental data for a culture in 
LPl medium during exponential growth. The doubling time (td) of the 
culture was calculated from a graphical representation of the culture and 
by using the equation 
In 2
the estimated value was obtained.
The initial value for Kg was 0.01 g/1. This was obtained from the literature 
which indicated that 0.056 mM (0.01 g/1) was the average value for a 
bacterium growing on a glucose substrate (Passos et a l, 1994 and 
Yabannavar ct a/., 1991).
The substrate value S, was set at 40 g/1, the initial glucose concentration in 
the medium.
The initial value used for the yield value in the equation was 0.125g 
biomass/g substrate. This was determined by using the knowledge that 
40g/l of substrate produced approximately 5g/l of biomass.
Model Development
This gave a framework (Figure 42) onto which the effect of ftirtlier 
equations was examined in the model.
Figure 42. The basic model flow diagram, using substrate, growth rate and biomass.
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1Biomass r \  Growth rate
V V
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Figure 43 ; Actual biomass concentration compared to computer simulated biomass concentration 
using/he model shown in Figure 42.
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Figure 43 shows the effect of simulating the process with the model shown 
in Figui'e 42. The general shape of the growth curve was similar to that of 
the actual data but the statistical agreement between the two curves 
(12.87%) emphasises the difference between the two. Fmther equations 
were needed to increase the model’s accuracy. The next function added 
was lactic acid.
7.3. The addition of a lactic acid function to the model.
The next stage was to examine the function of the lactic acid produced 
during the culture. It had previously been observed that in shake flask 
culture lactic acid did not exeit a significant effect upon the growth of L. 
plantarum (Figure 19, page 62). Other researchers, however, have 
observed lactic acid inliibition (Giraud et a i, 1991, Bibal et a i, 1988 and 
Osbourne, 1977). Simulation studies using the model were carried out in 
order to determine the extent and circumstances of the possible effect of 
lactic acid on biomass growth rate and cell viability.
Production of lactic acid can be expressed according to Jorgensen and 
Nikolajsen, 1987 and Leudeking and Piret, 1959:
dP dx (4)
Wliere:
a  and p= constants of proportionality, determined by the pH of the 
fermentation.
x= cell biomass concentration
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Initial values for the parameters k and Ki.
The initial value for the constant k, for lactic acid production was 
estimated from the observation that the jSnal concentration of lactic acid in 
the culture was approximately 38g/l and this had been obtained from 40g/l 
of glucose. The value of k was therefore set at 0.95g lactic acid/g 
substrate,
Ki was initially estimated as 18.8g/l from published data (Goncalves et a l, 
1991).
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The media (LPl and C6) have only one source of fennentable 
carbohydrate, glucose. As lactic acid is the end product from glucose 
metabolism by L. plantarum an alternative way of expressing lactic acid 
concentration in the medium (Passos et al., 1994 and Ishizaki et al., 1989) 
was as a function of substrate. This enabled an estimation of the lactic 
acid concentration from the observed substrate utilisation.
P = k.(So-Sr) (5)
Wliere:
P = product (lactic acid) 
So-Sr = substrate used 
k = constant
Once this function was incorporated into the model a mechanism for the 
influence of lactic acid on the growth rate, p, had to be included. The 
Monod equation was adapted to account for this (Ventatesh et al., 1993, 
Bree et al., 1988 and Piit, 1975);
A -  Amax • K iV Ks + s7 V L + Ki/ (6)
Wliere:
L = Lactic acid concentration (g/1)
Ki= Lactic acid inliibition constant (g/1)
The new model stmcture incorporating the effect of lactate is shown in 
Figure 44 -
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Figure 44: Structure of the model with the addition of a function to describe the 
production and effect of lactic acid
Substrate
S=  So.
Biomass Growth rate
Ks + sV VL + Ki
Lactic acid
P — k ,^0 - S*^^
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Figure 45; Actual biomass concentration compared to computer simulated biomass concentration 
using the models shown in Figure 42, and Figure 44.
Biomass (g/1)
4 -
<J0
□ Actual biomass (g/1)
 3 conpartmental model predicted biomass (g/1)
  lactate model predicted biomass (g/1)
3 compartmental model goodness of fit = 12.87%
Lactate model goodness of fit = 13.07%
The lack of visual improvement obtained with the lactic acid model 
compared with that of the simple 3-compartment model was consistant 
with the observation that lactic acid did not have an influential effect upon 
the culture (Figure 19, page 62). A slight improvement in the fit statistic 
was observed, however, so the tenu for lactic acid inliibition was retained 
in the model.
7.4. The death of cells in a growing culture.
An equation omitted from many models is a fimction for the death of cells 
(Bree et aL, 1988). As the culture is growing some cells are, at the same 
time, dying (Chouaki'i et a/., 1994 and Pirt, 1975) leading to the recycling
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Initial values for the parameters Kd, Kgd and Kjd.
Kd, the maximum specific death rate was calculated in a similar fashion to 
that of jLimax. It Utilised the experimental values which depicted the decrease 
in the viable count of the culture once the substrate was exhausted. The 
time taken for the culture to decrease by 50% was treated as the doubling 
time and the equation
= was used, with p representing Kd. This produced an initial td
estimation of Kd of 0.3 hr"\
The parameters Kgd and K^, as they had not previously been utilised in 
describing the growth of a bacterial culture were estimated using the data 
published by Bree et al (1988). They indicated that the Kw for lactic acid 
was 0.15mM. The initial value for Km was set at 0.014g/l.
Kgd was estimated as 1.16g/l as a result of utilising the information in the 
above published work which suggested that the death rate inhibition 
constant for the substrate was 8mM.
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of some nutrients which could be used for cryptic growth when a substrate 
in the culture was exliausted. The rate of death depends upon several 
parameters, the first is the concentration of substrate present. Glucose at 
high concentrations has been shown to be inliibitory to Lactobacillus 
delbrueckii, reducing from 0.55 to 0.15 h'  ^ (Conçalves et aL, 1991). 
The other influential factors on death rate are the inliibitors present and a 
maximum death rate for that particular organism. In this model (Figure 46) 
the death rate was represented by omega (fl). The equation to calculate 
omega is shown below (Bree et aL, 1988).
VKgd+sAL + W
Where:
Q = death rate (/In)
Kd = death rate constant (/In)
Kgd = death rate constant for glucose (g/1)
Kid = death rate constant for lactic acid (g/1)
This was added to the model stmcture (Figure 46) and the tme growth 
rate, accounting for concurrent cell death was calculated by:
Actual p = p - G
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Figure 46: a schematic of the modified model which compensates for the death of 
cells in a growing culture.
Substrate
yield jBiomass Growth rate
Ks + sy V L + Kt
Actual growth rate
Omega Lactic acid
Ks«* + Sy \  L +
The introduction of a death rate function improved the fit of the simulation 
(Figure 47) to the actual data (89.95%) emphasising the importance of 
such a function despite its exclusion from most models.
A problem was encountered with the calculation of biomass. The 
differential equation acted as a cumulative function. Wlien the death rate 
exceeded the growth rate the fimction for actual p was negative, which 
should have resulted in a decrease in biomass concentration. The 
mathematics in the modelling progiam were unable to compensate for this 
so a modification to the model was needed, if a decrease in biomass was 
to be simulated. This was achieved by treating the dying cells and growing 
cells as two separate entities (Figure 48). The sum of these two entities 
equated to the cell biomass concentration present.
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Figure 47: Actual biomass concentration compared to computer simulated biomass concentration 
using the models shown in Figure 42, Figure 44 and Figure 46.
Biomass (g/1)
7
6
5 E Î Î
/4
3
2
0
0 10 20 30 40 50
Time (hours)
□ Actual biomass (g/1)
 3 comp alimentai model predicted biomass (g/1)
  lactate model predicted biomass (g/1)
  Death rate model predicted biomass (g/I)
3 compartmental model goodness of fit = 12.87%
Lactate model goodness of fit = 13.07%
Death rate model goodness of fit = 89.95%
As well as modifying the calculation the biomass concentration tlie 
function for the calculation of substrate remaining was also altered. If it 
had been left as a fimction of biomass, as the biomass decreased when cell 
death was greater than cell growth, there would be an increase in 
substrate. This would permit further cell growth and a cyclic fimction 
would have been established. Substrate used was calculated from the 
function describing the viable biomass. This fimction was a differential 
equation and did not decrease (Figure 48) and produce the increase in 
substrate concentration previously obtained.
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Figure 48; A schematic of the model which permitted the simulation of the decrease in biomass 
concentration observed in bioreactor cultures.
Biomass
Substrate
(//.x )-  (D.x)
Viab e bio massS = S o -
Growth rate
4- sy V L + Ki
Viable biomass
Omega Lactic acid
Non-viable biomass
P = k . (So-Sr)
This model simulated tlie decrease in the biomass concentration which 
occurred in the culture (Figure 49). Preventing this decrease was the aim 
of the work and with the model in its present state it was possible to 
evaluate the effectiveness of a supplementary nutrient on the culture. It 
also was the most accurate simulation of the culture. The goodness of fit 
was 99.37%, indicating that the model was an accurate representation of 
the culture and further additions to the cultine were unlikely to improve the 
simulation.
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Figure 49: Actual biomass concentration compared to computer simulated biomass concentration 
using the models shown in Figure 42, Figure 44, Figure 46 and Figure 48.
Biomass (g/1)
2 -
0 5 1510 20 25 30 35 40 45 50
Time (Imurs)
□ Actual biomass (g/1)
 3 conpartmental model predicted biomass (g/1)
  lactate model predicted biomass (g/1)
  Death rate model predicted biomass (g/1)
• —  The completed model's predicted biomass (g/1)
3 compartmental model goodness of fit = 12.87%
Lactate model goodness of fit = 13.07%
Death rate model goodness of fit = 89.95%
Completed model goodness of fit = 99.37%
7.5. Culture viability.
One final component was needed to complete the model. There had to be a 
way of calculating viability so when other substrates, especially amino 
acids, were added to the model their effect could be seen immediately. An 
assumption that no death occurred in the culture was simulated by the
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model. The viable biomass function already calculated tliis scenario. This 
therefore represented a viability of 100%. The biomass compartment 
represented the actual viable biomass present taking into accoimt tlie death 
of cells. The model had, in effect, calculated the maximum theoretical 
biomass and actual viable biomass. By dividing the actual predicted 
biomass concentration by the maximum theoretical predicted biomass 
concentration a percentage viability quotient was obtained. The equation 
for the quotient is.
f M z M L i O O  (8)V /Y.X J 
Wliere:
(//.x) “  (n .x) = Actual viable biomass concentration
and
//.X = Maximum theoretical viable biomass concentration
This fimction was very similar to that developed by Passos et a i, (1994) 
who published their method during the course of the work presented in tliis 
thesis.
Figure 50 shows the completed model fonnat, which determined cell 
viability, a function other models have overlooked despite its importance 
especially in the production of starter cultures (Alaeddinoglu, Güven and 
Ôzilgen, 1989, McDonald, Reitter and Rogers, 1973).
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Figure 50: The completed model structure
Biomass
(ÎQ.X)
( T Non-viable biomass
dt = Q.x
Viability
xlOO
J
Y /  \  /
/tit  J
Substrate
Viable bio massS = So.
Viable biomass
Q = Kd Ksd + S7 V L + Ku
Growth rate
XL
K' + sV KL + K}
Lactic acid
P = k.rSo-S( r)
This completed model was to be used to simulate the bioreactor culture of 
L. plantarum in LPl medium. Once the unknown parameters (e.g. jiimax. 
and Kg) had been determined, the mathematical model in conjunction with 
the amino acid data was to be used to simulate the effect of amino acids 
upon the viability of the culture with the aim of preventing the decrease in 
viability observed in the bioreactor cultures.
Figure 51 shows the effect of increasing the number of parameters in the 
model on the goodness of fit. It shows that the greatest improvement in fit 
occun ed with the inclusion of a function describing the death of the cells 
in a growing culture. The small increases in fit observed with the inclusion 
of other paramenters suggested that once the important parameters had 
been incorporated into the model flirther additions to the model produced
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only limited improvements. The model approaches a 100% goo<toess of fit 
asymptotically
Figure 51: The ejffect of increasing the number of parameters in the model on its goodness of fit to tlie
culture data.
Goodness of fit (%)
100
3 54 6 7
3 4 6 7
Fit (%)— 12.87 13.07 89.95 99.37
7.6. Model performance.
This model was constructed with SB-ModelMaker (SB Technology, 
Basingstoke) and optimised using the data (Appendix II) obtained from the 
batch culture perfonned in the LPl medium. The package allowed the 
estimation of the unknown parameters (Table 7). A goodness of fit 
between the simulation and actual data ponts was also calculated using the 
Chi squared test to detennine the significant difference between the 
obsei*ved data and the simulation. In order to avoid the criticism that it is 
possible to fit a curve to any set of data (Chouakri et aL, 1994), the model 
was executed so that it had to fit the one set of equations to tliree sets of
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data simultaneously. This was later increased as amino acid data was 
incorporated.
Table 7: Computer generated parameters for 
the culture in LPl medium.
Parameter
Ki
Kid
max.
Kc
Kd
Kgd
Yield
value
4.25x10 g/1 beyond physical possibility"
1.46x10-^ g/1
2.05x10"^/hr
1.45 g/1
4.17xlQ-Mar
2.20x10' g/1
1.57x10’  ^ g biomass/g substrate
9.18x 10'  ^ g/lactic acid/g substrate
The chi squared test performed on this simulation indicated that the 
probability of gaining these results by chance was less than 1% A 
comparison of the model data with that of the fennentation data is shown 
in Figures 52 and 53. The goodness of fit was >99%
* The model produced a Ki value of 4,25x10^^ which indicated that lactic acid 
does not have an inhibitory effect upon the culture, which is in agreement 
with practical observations in this thesis.
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Figiire52: Actual biomass concentration compared to computer simulated biomass concentration and
predicted viability
B io m a ss (g/1) V ia b i l i t y  (% )
5 100
4 90
3 80
2 70
OL
0 20 30 4 0
T i m e  (h o u r s )
D A c tu a l  B i o m a s s  (g/1) — P red ic ted  b io m a s s  (g/1)
— P red ic ted  v ia b i l i t y  ( %)
Figure 53: Actual glucose and lactate concentrations compared to computer simulated concentrations
g/1
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■ Actual glucose (g/1) — Predicted glucose (g/1) 
♦ Actual lactate (g/1)  Predicted lactate (g/1)
The model produced an accurate simulation of the culture data. The 
decrease in viability predicted by the model was more severe than that 
observed in the culture. This could be attributed to the method of biomass
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concentration measurement. Filtering the culture with a 0.2^m filter 
trapped components from lysed cells, reducing the decrease in biomass 
concentration. Viable count measurements (Figure 30, page 77) showed a 
decrease of 46% (1.12xlO^^CFU/ml to 6.08 xlO^CFU/ml). Viable count 
was not used to produce the model as the large change in viable count of 
4 log counts gave rise to very large errors and a poor conelation. 
Zwietering et al, (1990) produced a model based upon viable count, but 
used logaritlimic data fi'om the counts which has the effect of smootliing 
out the data and the decrease in viable count at tlie end of the culture 
would be obscured.
This model had distinct advantages over previous published models as it 
simulated death of tlie cells upon substrate exliaustion. This enabled the 
effect of other medium components on end viability to be investigated. 
Previous models, whether using the logistic rate equation (Jason, 1983 and 
Roy et al, 1978), Luedeking and Piret kinetics (Ohara et a l, 1992b, Yeh 
et al, 1990 and Rodgers et al, 1978) or Monod kinetics (Garcia-Ochoa 
and Santos, 1994) all have failed to appreciate the decrease at the end of 
batch growth, or ceased data collection prior to substrate exhaustion (Roy 
et al, 1987) so their models only needed to simulate a simple sigmoid 
curve. Other authors have modelled growth in continous culture (Ohara et 
al, 1992a ,1992b, 1992c and Hanson and Tsao, 1972) and related 
biomass concentration to dilution (growth) rate. The nature of chemostat 
culture and steady states resulted in a ‘constant’ value for biomass at each 
dilution rate. The influx of jfresh medium prevented the death rate of the 
organism exceeding the growth rate once a steady state had been obtained. 
The batch culture model produced by Ishizaki et al, (1990 and 1989) was 
able to predict the decrease in biomass concentration. Their model, like the
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model developed in this work, predicted a higher peak biomass 
concentration a few horns before peak biomass was obtained 
experimentally. There was also a very short stationary phase after 
cessation of growth followed by a sharp decrease in biomass 
concentration, again similar to Figure 52, while tlie actual biomass 
concentration plateaued and decreased slowly.
Though the model by Isliizaki et al, (1989) provided an accurate 
simulation of tlieii* batch culture data it could not be described as a truly 
predictive model as a default value was included in the model which 
prevented an increase in biomass until a time period of three hours had 
passed. Lobry et al, (1992) also included a time lag fimction as a 
modification of Monod’s equation so that their model results coincided 
more closely with experhnental data. The time lag used by Ishizaki et al, 
(1989) was used to compensate for the lag phase of the culture which the 
model was unable to simulate. The model developed in this work included 
no time dependent ‘factors’ and can therefore be regarded as more 
predictive than previous attempts.
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8.1. Model validation.
With the model accuiately shmlating observed results tlie next stage was 
to determine the sensitivity of the model by altering single parameters and 
monitoring the effect tliis had upon the model’s fit. This indicated tliose 
parameters which had the greatest effect upon the culture.
8.2. The effect of maximum growth rate on the performance of the 
model.
Since lactic acid production and bacterial growth in L. plantarum are very 
closely associated (Ami'ane and Prigent, 1994) the parameters chosen for 
this testing were pmax., Ks and Kd. The alteration of pmax values (Figure 
54) had a considerable effect, as expected, upon the growth phase. The 
final yield is constant since, this being an unstructured model, yield per 
gram of glucose was assumed to be constant.
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Figure 54; The effect o f altering upon the biomass concentration
predicted by the model
Biomass (g/I)
4 -
0 + •
Time (liours)
-control
'Mumax-10%
Mu max+20%
Culture biomass (g/I)
These simulations also predicted the response of viability to alterations in 
Pmax. (Table 8). As the value for p^ax. decreased, i.e. growth rate was 
reduced, the viability of the biomass at the end of the culture increased. A 
reduced culture growth rate reduced the rate at which the substrate was 
utilised. The cells therefore had an energy source tliroughout the 46 hour 
culture preventing the decrease in biomass concentration and viable count 
usually observed J f  the culture was harvested upon substrate exliaustion it 
would be at its maximum biomass concentration and viable count. After 
substrate exliaustion the biomass concentration and viable comit decreased 
as the cells were stawed of an energy source. The effect of maintaining the 
organism in a culture which was no longer supplying an energy source is 
clearly illustrated by the rapid decrease in viability (Figure 30, page 78). 
This phenomenon was observed in all the bioreactor cultures in this work.
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which suggests that the model was an accurate simulation of the 
experimental culture. The goodness of fit also decreases as the pmax. 
values were varied indicating that tlie initial value calculated by tlie model 
was accurate.
Table 8, The effect o f timw. on model fit and viability
p max. 
value
Goodness 
of fit
(%)
End viability 
(%)
Viability upon 
substrate exliaustion 
(%)
Control 99.37 65.8 84.4
ftmax.+ 10% 70.00 56.9 86.4
Pmax. + 20% 40.00 50.5 89.6
Pmax. " 10% 5.000 78.7 85.0
Pmax. ” 20% 0.100 87.8 87.8*
* Substrate was still present after 46 hours, and maximum biomass had not been attained.
Figure 55: The effect o f pmax. on model fit.
Goodness of fit (%)
100 -  
90 -  
80 -- 
70 -- 
60 -  
50 -  
40 -  
30 -  
20 -  
10 -  0 m- 
- 20% - 10% 10% 20%0%
Maximum growth rate
0 represents the initial Pmax. value determined by the optimised model.
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Figure 55 demonstrated that the model is considerably more sensitive to 
underestimates of ^ max. values than it is for overestimates.
8.3. The effect of K* on the performance of the model.
The effect of Ks was modelled (Figure 56). The results indicated that a 
reduced Ks resulted in an increased biomass concentration and an increased 
Ks value resulted in a decreased biomass concentration.
Figure 56: The effect of altering Ks on the biomass concentrations
predicted by the model
Biomass (g/1)
6.00E+00
5.00E+00 --
4.00E+00 -
3.00E+00 -
2.00E+00
l.OOE+00 -
O.OOE+00 4-
Time (liours)
Control 
Mu max-90%
 Mu max+90%
□ Culture biomass (g/i)
This effect was presumably mediated tlirough the growth rate. At the lower 
Ks value growth rate was maintained nearer to p^ax. for a longer time 
period. The net growth rate in this simulation was calculated using growth 
rate and death rate. A culture which maintained its growth rate at an 
elevated level would have had an increased net growth rate and would
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produce more viable biomass. The converse was true for an increased Ks 
value.
The effect that Ks exerted upon the culture was less than that exerted by 
Pmax. The reason for this was apparent when the relationship between the 
two in the Monod equation was considered.
The calculated value for Ks was 1.45 g/1. When that value was substituted 
into the above equation:
S S
Kg+S S 1
When s » l  .45 g/1 
i.e.
This held true until the glucose levels were approaching 1.45 g/1, at end of 
the batch culture and the biomass concentration had ahnost reached its 
maximum. The effect that Kg exerted upon end viability (Table 9) was 
noticeable. This was also as a result of the maintaining the culture in a 
substrate limited enviromnent. Harvesting the culture upon glucose 
exhaustion resulted in a slightly elevated viability in the culture with a 
reduced Kg but to benefit from this, i.e. by utilising a different substiate the 
culture would have to be hai*vested immediately upon substrate exhaustion. 
This would be impractical if not impossible due to the slight variations that 
occur in every microbial culture.
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Table 9: The effect of Ks on model fit and viability
Ks value Goodness of 
fit(%)
End
viability
(%)
Viability upon 
substrate exhaustion
(%)
Control 99.37 65.8 84.4
Ks+ 90% 30.00 70.0 82 j
K s-90% 30.00 61.8 86.1
Figure 57 shows that the model was equally sensitive to an overestimation 
as to an underestimation of Kg values. This is in contrast to the effect of 
Pmax. values which had a reduced effect upon overestimation compared to 
underestimation (Figure 55).
Figure 57: The effect of Ks on model fit.
Goodness of fit 
(%)
100 -  
90 -  
80 -  
70 
60 
50 
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20 
10 
0
-90% -45% 0% 45%
Ma>ômum growth rate
90%
0 represents the initial Ks value determined by the optimised model.
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8.4. The effect of K% and Km on the performance of the model.
Previous experimentation had suggested tliat the effect of lactic acid upon 
the culture was minimal (Figure 19, page 61). The effect of lactic acid in 
the mathematical simulation was mediated through an inhibition equation 
added to the Monod equation for calculating growth rate and tlirough a 
death inducing function for the calculation of tlie death rate.
Varying its value by ±10000% had no effect upon the fit or predicted 
viability. Consideration of the algebra in the equation containing the Kj 
parameter explains this effect.
A = A S 1 f  K ,  ^(.K s +  S / +  K . j (10)
The optimised value for Ki was 4.25x10*^ g/1 which resulted in:
K, 1VL + Kj/
at all the concentrations of lactic acid present in the cultures in this work 
(< 40.00 g/1).
Lactate did not have a significant inliibitory effect upon the growth rate of 
L. plantarum in tliis model (contraiy to Giraud et <?/., 1991, Bibal et al., 
1988 and Osbourne, 1977). This was consistant with experimental results 
(Figure 19, page 61) that lactate had no significant (99% confidence limit) 
effect on viable count.
A lactic acid fimction was included in the death rate equation (11) for the 
culture. The optimised value for Km was 1.46x10"^ g/1.
 ^ Kgd V  L 'n = Kd.
vKgd +  S> V L +  Kbd, (11)
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The very low value for the saturation death constant for lactic acid Km 
resulted in the equation
at lactate values > 1.46x10'^ g/1.
The death rate was therefore a direct function of the concentiution of 
substrate present (S in equation 11). The death inhibition constant for 
glucose (Kgd) was calculated to be 22.00 g/1. At the start of the culture the 
death rate would have been:
i/-Kd. ----------- «0,3KdV22 + 407
As the culture progressed, the death rate increased. As the glucose 
concentration approached zero the death rate approached the maximum 
specific deatli rate.
This suggested that as long as an energy source was present, regai'dless of 
the concentration of lactic acid in the culture, the organism would be able 
to maintain its viability. The inclusion of another substrate could also have 
had a protective effect upon the culture by providing a further energy 
source. When tlie first substrate was exliausted the second could be used. 
With a substrate present the death rate would not approach the maximum 
specific death rate and the culture viability would be maintained.
This was investigated by incorporating the amino acid uptake data for the 
culture into the working simulation.
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8.5. The effect of amino acids on the performance of the model.
With a working model the effect of amino acids on the culture biomass 
concentration and viability was investigated. The aim was to identify one or 
more amino acid that had the potential to reduce the effect of substrate 
depletion upon the death rate. It was decided to incorporate the culture 
supernatant data from all of the amino acids into the model. The data from 
cluster analysis, the principle component factoring and the omission 
experiments were correlated with the results obtained from the 
mathematical simulation.
The sixteen amino acids were individually incorporated into the model as 
substrates, by altering the growth rate and death rate equations (Equations 
12 and 13).
Wliere:
-K s + Sy
K i A A i
. L  +  K i/  V Kaal +  A A l /  V Kaai +  A A l /
A A i6 (12)
AA= Amino acid (g/1)
Kaa= Saturation constant for an amino acid (g/1)
n = Kd.
Where:
Kgd V  I Kiiadi Kaadii ICaadi6
\Kgd + 8 /  VI +  K id / VKaadi +  A A l /  VKaadz +  A A z / VKaadie +  A A l6/ (13)
Kaad= Death iiiliibition constant for an amino acid (g/1)
The model was optimised with the inclusion of each amino acid separately. 
All parameters (e.g. Ks, Pmax. and Km etc.) were optimised so as not to 
impose any conditions upon the simulation which would invalidate its
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predictive nature. Predicted biomass concentrations and viabilities were 
obtained at the point of substrate exhaustion («40 hours) and six hours 
later, which would indicate those amino acids, if any, reduced or prevented 
the decrease in viability (Figures 58 and 59), by reducing the death rate of 
the culture. The model parameters obtained from these models 
incorporating amino acid data (e.g. pmax, Ks, and Kgd) varied by less than 
10%, than those of the control model developed earlier without the 
inclusion of the amino acids. Since Pmax, Ks, and Kgd are a function of the 
culture conditions they should not change upon the inclusion of extra 
information from the culture in the form of amino acid data. They did not 
vary greatly with the inclusion of the amino acid data which suggested that 
the model had produced an accurate simulation of the process.
Figure 58: The effect of including individual amino acids in the model upon the predicted
viability.
Viability (%) Docrea&e in viability (%)
Tyr Try Asn Pro Pbc Control Ala Leu Met lie Hb Thr L>s Gu Cys Val Ser
Amino add
[0 4 6  hours ■  Substrate Exhaustuion ■ %  decrease in viability (line) j
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Figure 59: The effect of including individual amino acids in the model upon the predicted
biomass concentration.
Hcmass(gl) Docrease in Biomass
Tyr Aai Gbrtroi Try Q u Cys Val Lys Ala Leu Ms Thr lie Ms* fto  Phe Ser
Amino aod
E346 hours BSrigtrBteEjdMustuiai B%decrease in biomass (line)
The modelling experiments indicated that tyrosine may have a beneficial 
effect upon the culture’s viability and biomass concentration (Figures 58 
and 59). The simulated effect of tyrosine was to increase the biomass 
concentration in the culture (»5.90g/l compared to the control biomass 
concentration of »5.40g/l). Tyrosine also appeared to increase the viability 
of the culture («95% compared to the control culture viability of «85%). 
The decrease in viability upon substrate exhaustion in a tyrosine culture 
was <15%. The control culture’s viability decreased by « 20%. This was 
in precise agreement with the cluster analysis of the amino acid data which 
linked tyrosine with an increase in viable coimt (Page 90). Asparagine also 
appeared to prevent such a sharp decrease in viability. This was 
unexpected as the cluster analysis suggested that it was unrelated to viable 
count. Both these amino acids appeared to be continually assimilated
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tliroughout the culture (Figures 36 and 38, pages 86 and 88 respectively), 
and it could be tliat L. plantarum was able to utilise them with respect to 
its maintenance requirements m the absence of glucose. The model had 
suggested an area in which to develop tlie process with the ahn of 
mcreased viability. The effect of increasmg the tyrosine and asparagine 
concentrations was tested experimentally.
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9.1. The effect of increasing the tyrosine concentration on the growth 
of L, plantarum in LPl medium.
The omission experiments (section 6.3., page 80 conducted in the synthetic 
medium had demonstrated the importance of tyrosine to the culture 
(Figures 32 and 33, pages 81 and 82). The model had also previously 
indicated that tyrosine had a protective effect upon the growth of L. 
plantarum in the synthetic medium (Figures 58 and 59, pages 120 and 
121). A simulation was performed (Figure 60) in which the initial tyrosine 
concentration was increased by a factor of ten.
Figure 60: The effect of increasing the initial tyrosine concentration ten-fold on the predicted biomass
concentration of L. plantarum in LPl medium.
B iom ass (g/I)
4 --
Time (hours)
Control Tyrosine
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The simulation indicated that an increase in the tyrosine concentration 
would increase the viable biomass concentration attained from the culture. 
The predicted figure was 6.28 g/1 compared to the control simulation’s 
5.35 g/1. More importantly though, there was a minimal decrease in 
biomass concentration upon prolonged culture without a carbon source 
present. This effect was presumably mediated by the effect of tyrosine on 
the death rate of the culture. This may be rationalised by examination of 
the death rate equation.
Q = Kd.f-  ^ K.yri ^vKtyrd + tyr y\  Kgd + S/ V L + Kid,
Wliere Ktyrd = 0.0149823 g/1 (obtained fiom optimising the model with 
experimental data, page 86)
In the control culture, the initial tyrosine concentiation was 0.2 g/1. In the 
elevated tyrosine culture the initial tyrosine concentration was 2 g/1. As 
tyrosine is not metabolised to lactic acid and its uptake mechanism is 
unrelated to that of glucose it was assumed that both the lactic acid and 
glucose production and utilisation rates respectively were the same in both 
cultures. The death rate equation could therefore be simplified to;
Q = K d / - ^ lV Ktyrd + tyr y
With the initial tyrosine concentration of 0.2 g/1 the equation became:
Q = Kd.f— 00149823— 1 ^  o.07Kd / hr 
V0.0149823 + 0 .2 0 V
Increasing the tyrosine concentration by a factor of 10 reduced the deatli rate
by a similar factor to 0.007Kd /In. This reduced the death of cells
throughout the culture and would theoretically result in an increased
biomass concentration at the end of the culture as well as preventing the
sharp decrease in viability.
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The cultuie biomass concentration attained by increasing the tyrosine 
concentration (Figure 61) exliibited a trend comparable to that observed in 
the simulation of the culture (Figure 60, page 123). Both cultures had a 
similar lag phase and it was once the culture entered the growtli phase that 
a difference was observed. The tyrosine cultuie had an elevated growth 
rate, probably mediated via a reduced death rate.
Figure 61: The effect of increasing the tyrosine concentration on the biomass concentration of L
plantarum in bioreactor culture in LPl medium.
Biomass (g/1)
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The model was re-optimised for the control culture as it was a twenty four 
hour culture, the model having been constaicted fiom a 46 hour culture. 
The only parameter to change was the yield (from 0.157g biomass/g 
substrate to 0.147g biomass/g substrate). This gave a fit of 97.65% and 
again demonstrated the problem of an unstmctured model with respect to 
biomass production imder differing conditions. All the other values 
differed by less than 0.001%.
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The predicted biomass concentration in the simulated tyrosine amended 
culture was greater than tliat attained in tlie actual culture, again 
probably as a result of the unstructured approach to the calculation of 
biomass concentration. A modification of the yield equation was required 
to compensate for the alteration of the medium composition in the tyrosine 
culture (Figure 62). Alteration of the medium, by the addition of tyrosine 
had resulted in differing growth characteristics of tlie culture, higlilighting 
the complexity in producing a model of a culture. Re-optimising the model 
resulted in an increase in biomass yield (fi*om 0.147 g biomass/g substrate 
to 0.178g biomass/g substrate) for the tyrosine supplemented culture.
Figure 62: The effect of optimising the yield equation for culture growth in tyrosine supplemented 
LPl medium on the fit of simulated data to culture data.
B io m a ss (g/1)
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goodness of fit = 98.75%
Figure 63 shows the effect of increasing the tyrosine concentration on 
predicted culture viability. The simulation had predicted a minimal 
decrease in culture viability tliroughout the culture. It also suggested that
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the increase in tyrosine concentration would have prevented the decrease 
in viability upon substrate exhaustion, as throughout the culture the model 
had predicted a viability of greater than 99%.
Figure 63: The predicted efifect of increasing the tyrosine concentration ten-fold on tlie simulated 
viability of L  plantarum in LPl medium.
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The actual culture viabilities (Figure 64) were lower than those predicted 
by the model, but as witli the biomass predictions the tyrosine supplement 
increased the viability. This was in qualitative agreement with tlie model’s 
prediction. The quantitative gap between predicted and observed results 
may reflect the difficulty experienced in adapting the model to predict 
viability. The component equations of the model are all concerned with 
biomass estimation. The adoption of the expression
.100( / / .x ) - (a x ) '
/ / .X  J
as our best estimate of viability appears to have provided a parameter 
which provides an indicator of the proportion of viable cells but not an 
absolute figure.
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Figure 64: The effect of increasing the tyrosine concentration on the viability of L. plantarum in
bioreactor culture in LPl medium.
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The time scale for the tyrosine culture (Figure 61 and 62) was reduced by 
approximately 50% (24 hours compared to 46 hours), compared to tliat of 
the culture used to produce the model (Figure 30, page 78). Tliis was as a 
direct result of perfonning a second preculture stage in the synthetic 
medium so as to reduce the lag phase obsei-ved in the synthetic medium, 
and attempt to mimic the culture in the complex medium more accurately. 
The inoculum concentration in these cultures was also increased by 
approximately one log count (0.019g/l to 0.19 g/1). If the model was 
performing an accurate simulation of the process this increase in inoculum 
should have no effect on the biomass concentration but would be expected 
to affect the time to achieve maximum biomass. The initial biomass 
concentration, which needed to be stipulated before a simulation could be 
performed, was therefore increased in the model from 0.019g/l to 0.19g/l 
and a simulation executed. The effect of increasing the inoculum (Figure 
65) was as predicted and consistent with experimental data.
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Figure 65: The effect of increasing the inoculum size on the predicted control biomass concentration 
and elevated tyrosine culture biomass concentration.
Predicted biomass (g/1)
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Control (short culture time) 
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The goodness of fit was 93.82% between the model’s prediction of 
biomass concentration and actual culture biomass concentration for tlie 25 
hour culture (Figure 61, page 125). This compared well with a goodness of 
fit 99.37% for the prototype model in a 46 hour culture (Figure 52, page 
108).
The rate of increase of viable cells in the tyrosine-supplemented culture 
was lower than that in the control culture (Figure 66). The viable count 
attained on substrate exliaustion was 1.24x10'° CFU/ml compared to 
7.35x10^ CFU/ml. Tliis suggested that viability was governed by a 
complex series of interactions that could not be influenced by simply 
increasing the concentration of a single amino acid. The culture with the 
elevated tyrosine concentration did not exliibit the decrease in viability 
(Figure 64) obsei*ved in the control cultures between 17 and 19 hours.
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Figure 66; The effect of increasing the tyrosine concentration on the viable count of L. plantarum in
bioreactor culture in LPl medium.
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The lower viable count in the tyrosine amended culture indicated one of 
two possibilities. The first being that energy had been used to increase the 
cell biomass concentration in the tyrosine culture. If this argmnent was the 
case it is contraiy to the accepted dogma that maintenance energy is a 
constant quantity, irrespective of growth rate (Piit, 1975). This difference 
in cell biomass had been obsei*ved in the complex medium with differing 
glucose concentrations. At 20 g/1 glucose the viable coimt was similar to 
that attained with 40g/l glucose. The biomass concentrations were reduced 
(Figure 66, page 130), indicating ‘lighter’ individual cells. Shehata and 
Marr, (1971), Schaechter et aL, (1958) and Kjeldaai'd et al, (1958) 
demonstrated that cell volume was dependent upon the growth rate of the 
organism, with cell volume increasing with increasing specific growth rate. 
As the tyrosine culture was growing at a higher growth rate this may 
explain the increase in biomass observed. Increasing tlie yeast extract 
concentration (Figure 18, page 60) resulted in heavier cells, and when this
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was implemented on an industrial production culture tlie end yield of 
product (tonnes of silage treatable) was elevated. This also pointed to the 
importance of cell biomass in relation to cell viability. The reduced viable 
count could therefore have been as a result of the organism utilising ATP 
for the increased uptake and utilisation of tyrosine. This would have 
reduced the ATP available to tlie organism for metabolism comiected to 
cell growth, and division.
The second possibility is that the tyrosine culture contained cells of a 
similar biomass concentration to that of the control but also contained an 
increased level of iion-viable cells, hence the increased biomass 
concentration but a reduced viable count. A total cell coimt using the 
Breed count tecluiique helped to elucidate this situation (Table 10). The 
results from this supported the theory that the cells in the tyrosme culture 
were heavier (reduced total count but an elevated biomass concentration) 
and that cell biomass was therefore related to viability.
Table 10: A comparison between total count and viable count for the synthetic and increased tyrosine
batch cultures.
Culture Run time 
(lirs)
Total count 
(CFU/ml)
Viable count 
(CFU/ml)
Viability
(%)
Conti'ol 17 l.SlxlO*® 1.24x10'® 82.12
19 1,44x10"’ 7.70x10® 53.47
21 1.48x10'® 8.50x10® 57.43
Tyrosine 16 8.24x10® 7.60x10® 92.23
18 8.31x10® 7.14x10® 85.92
20 7.96x10® 7.35x10® 92.34
The Breed count indicated the potential maximum viable count obtainable 
from the culture. As almost 50% of the viable cells were subsequently lost
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through cell death, it would have been of ecconomic benefit to prevent this 
decrease in viable count from occurring.
The model had predicted a 17% increase in biomass through the addition 
of tyrosine at 2g/1. Figure 67 shows that the culture with the elevated 
tyrosine level attained a final biomass concentration of 5.30g/l, a 14% 
increase on that of the control culture (4.55g/1) at maximum viable count.
Figure 67; A comparison of the model predictions and culture data for biomass concentration upon
increasing the tyrosine concentration.
Biomass (g/1) % increase
Model control Tyrosine model Control culture Tyrosine culture
i Biomass □ %  increase
This reinforced the theory that with respect to biomass the model was an 
accurate predictive simulation of the culture. If the reduction in viable 
count was due to the usage of ATP for the uptake of the amino acid, an 
increase in the substrate available to the organism coupled with the 
elevated amino acid should result in achieving the viable count attained by 
the control culture and maintaining it at that level.
A similar result with a culture containing an elevated asparagine would 
add strength to this argument as Driessen, (1989) has shown that
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asparagine is assimilated by an energy requiring phosphate-bond driven 
system.
9.2. The effect of increasing the asparagine concentration on the 
growth of L. plantarum in LPl medium.
The model also highlighted asparagine as a potential component which 
could be linked to cell viability. Collar et a i, (1992) reported that is was 
one of the few amino acids metabolised in a dough fermentation, which 
also suggested a requirement for asparagine. A simulation was perfonned 
in which the asparagine concentration was increased by 25% to 12,5g/l 
(Figure 68). The increase was limited by the solubility of asparagine.
Figure 68; The predicted effect of increasing the asparagine concentration ten-fold on tlie biomass
concentration of L  plantarum in LPl medium.
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A 1000% increase in asparagine concentration (as was used in the 
tyiosine-supplemented culture) was not possible because of the solubility 
of asparagine which is approximately 30g/l (Windlioltz et ai, 1983) in 
pure water. The concentration of the other medium components further 
reduced the solubility of asparagine in the culture medium. The maximum 
possible concentration was 12.5 g/1 an increase of 25% which reduced the 
effect of asparagine on the culture. The biomass concentration predicted 
by the model suggested that there would be a slight increase in the 
asparagine supplemented culture biomass concentration (5.44g/l compared 
to 5.30g/l) compared to the control biomass concentration as a result of 
increasing the concentration of asparagine to 12.5g/l (Figure 68). Tliis was 
obsei'ved in the culture, though the asparagine supplemented culture 
exhibited an increased growth rate and attained maximum biomass 
concentration two hours before the control culture (Figure 69). The two 
biomass concentrations obtained were similar, as predicted by the 
simulation.
Figure 69: The effect of increasing the asparagine concentration on the biomass concentration of L  
plantarum in bioreactor culture in LPl medium.
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The culture with the increased asparagine concentration attained a 
biomass concentration very similar to that attained in the control culture 
after 20 hours (5.20g/l compared to 5.10g/l). This increase was similar to 
that predicted by the model (5.44g/l compared to 5.30g/l). The effect of 
asparagine was likely to be less than that of tyrosine, if biomass 
concentration was critical to cell viability.
The predicted effect of elevated asparagine on culture viability was lower 
than that predicted by the incorporation of tyrosine (69% after 25 hours 
compared to 99% in the tyrosine culture), a 5% improvement on the 
control culture (66%).
Figure 70; The predicted effect of increasing the asparagine concentration ten-fold on the simulated
viability of L  plantarum in LPl medium.
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The predicted viability of the culture did not deviate from that of the 
control simulation (Figure 70) during the first 18-20 hours of the culture. 
This was coincidental with the lag phase of the culture. During the
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exponential growth and death phase of tlie culture the viability was 
maintained at an increased level than that of the control. There was 
however, still a decrease in viability upon substrate exliaustion.
A culture was perfoimed to test the theory that the elevated asparagine 
concentration would reduce the decrease in viability observed in the 
culture (Figure 71).
Table 11: The effect of increasing the asparagine concentration on the viability of Z,. plantarum in
LPl bioreactor culture.
Run time 
(Ins)
Total count 
(CFU/ml)
Viable count 
(CFU/ml)
Viability
(%)
Control 18 1.40x10'° 1.24x10'° 85.71
20 1.32x10'° 8.08x10’ 61.21
22 1.53x10'° 8.50x10’ 55.55
Asparagine 18 8.81x10’ 7.58x10’ 86.03
20 9.62x10’ 7.90x10’ 82.12
22 9.95x10’ 8.10x10’ 81.40
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Figure 71 : The effect of increasing thé asparagine concentration on the viability o f L. plantarum in
bioreactor culture in LPl medium.
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The predicted viabilities and actual culture viabilities (Figine 71) indicated 
that the addition of asparagine produced a protective effect on the culture. 
There was agreement between the predicted viabilities in the asparagine 
supplemented culture and the actual viabilities. The control cultiue was not 
in agreement with the model’s prediction. This phenomenon was also 
observed in the tyrosine cultine and simulation. This again indicated that 
the equation to calculate viability was not taking full account of the 
interactions occuning in the culture with respect to viability. The 
prediction of biomass was perfonning accurately but the calculation of 
viability was en oneous.
The growth rate in the elevated asparagine-containing culture (Figure 72) 
was linear and progressive to a point where maximum viable cell count 
was achieved and maintained, even upon glucose exliaustion (21 hours). In 
the control, culture viability peaked at around 17 hours (coincidental with
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glucose exliaustion), falling thereafter to a value similar to that obtained in 
the elevated tyrosine-containing cultures.
Figure 72: The effect of increasing the asparagine concentration by 25% on the viable count of Z-.
plantarum in LPl bioreactor culture.
Time (hours)
Control -^Asparagine
As the two amino acid supplemented cultures avoided the transient change 
in viability, constantly observed between 15 and 18 hours there may be 
potential in developing ftirther medium foimulations containing increased 
amino acid concentrations, with the objective of maintaining the viability.
As with the tyrosine culture the biomass concentration coupled with the 
reduced viable count could have resulted from the production of heavier 
individual cells, or an increased deatli rate. Asparagine and tyrosine 
require energy for their assimilation. The uptake of asparagine and tyi osine 
would have reduced the energy for cell division which resulted in a lower 
viable count but an elevated individual cell weight. To compensate for a
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possible deficit in energy for cellular fission, and since the cessation of 
growth coincided with the exliaustion of glucose, a feed modification was 
investigated. The incorporation of an amino acid feed had prevented the 
transient nature of peak viable count. It was therefore felt that modification 
of the culture by the incorporation of glucose feed in conjunction with or 
without the increased amino acid level might have elevated the culture 
viable coiuit to that of the control, and maintain it at that level.
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The computer simulation studies had suggested that modification of the 
glucose concentration available to the cultui^e, in conjunction with or 
witliout an amino acid would have had a beneficial effect on tlie culture.
10.1. The effect of reducing the glucose concentration on the growth of 
L. plantarum in bioreactor culture in LPl medium.
A glucose feed would have had the effect of increasing the lactic acid 
concentration fuither, possibly up to a concentration at which it would 
have become inliibitory. Previously, in the complex production medium 
(Figure 17, page 59) it had been obsei*ved that reducing the glucose 
concentration to 20 g/1 resulted in a similar final viable count but a reduced
biomass concentration. An experiment was performed to ascertain whether this 
occuiTed in the synthetic medium. Figure 73 shows that the same 
phenomena were observed in the synthetic medium by reducing the 
glucose concentration to 20 g/1. The biomass was reduced by 20% (3.73 
g/1 compared to 4.73g/1) but the maximum viable count was similar 
(1.39x10'“ CFU/ml compared to 1.12x10'“ CFU/ml).
Figure 73: The growth of L. plantarum in LPl medium with 20 g/1 of glucose in bioreactor culture.
CFU/ml (lE +09)
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140
Further Process Development by Manipulation 
of Culture Glucose Availability
The sudden decrease in viable count observed in this culture, as in the 
previous cultures (e.g. Figure 10, page 52 and Figure 64 page 128) was 
coincidental with glucose exliaustion.
10.2. The effect of a glucose and asparagine feed on the growth of L, 
plantarum  in bioreactor culture in L P l medium.
A feed of the asparagine and 20 g/1 of glucose was performed, assuming 
that the energy supplied by the glucose feed was available for the 
assimilation of tlie asparagine. The aim was that the uptake of the 
asparagine would enliance the end viability of the culture but that the 
viable count of the culture would attain >1.00x10^° CFU/ml, and be 
maintained at this level. The feed was designed so that the volume of the 
glucose and aspai agine was equivalent to that removed for sampling of the 
culture to prevent the volume of the batch culture increasing or decreasing 
tliroughout the culture. The feed was initiated after 6 hours as asparagine 
uptake was thought to occur during the growth phase (Figure 38, page 88). 
The effect of the feed of glucose and asparagine to the culture is shown in 
Figure 74. The maximum viable count attained by the culture was 
TOlxlO^ CFU/ml. This occurred when 18.30 g/1 of glucose had been fed 
to the culture at 16 hours.
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Figure 74: The effect of a glucose and asparagine feed to L  plantarum in bioreactor culture in LPl 
medium with a reduced glucose concentration (Glucose fed at 1.83g/l/hr, Asn fed at 0.45g/l/hr).
CFU/ml (l.OOE+09) Concentration (g/1)
Time (liours)
-o-CFU/ml. -a-Biomass (g/1) Glucose (g/1)
The peak viable count was obtained transiently. It represented a decrease 
of 14% (1.01x10'“ CFU/ml to 8.70x10“ CFU/ml). The culture exhibited a 
cyclic action with a peak in viable count every six hours followed by a 
decrease. The glucose concentiation tliroughout this cyclic behaviour was 
maintained at a concentration of below 1 g/1. This suggested that the feed 
into the culture could not meet the maintenance requirement of the culture 
and hence the death of cells and the resultant decrease in viable count. 
Wlien the death of the cells had sufficiently reduced the population the 
glucose feed of 1.83 g/l/lir and the cell components from non-viable cell 
lysis permitted the growth and division of the cells to a peak viable count 
above 1.00x10^^ CFU/ml and the cycle was repeated. The biomass 
concentration continued to increase tliroughout the culture, though it was 
probable that the proportion of viable biomass had plateaued and the 
sampling teclmique was detecting cell fragments from lysed cells.
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A closer examination of the viable count at the end of the culture's growth 
phase (Figure 75), indicated that for the time period 16-22 hours the viable 
count was maintained at a level of «1x10*^ CFU/ml: This effect was only 
transitory (Figure 74, page 141) and after maintaining viability for six 
hours there was a decrease in viable count.
Figure 75: The eflfect of a feed of glucose and asparagine (1.83g/l/hr and 0.45g/l/hr respectively) on 
the viable count at the end of the growth phase of a culture of L. plantarum in LPl medium. The data 
for the fed culture are taken from Figure 74 (16-22 hr).
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The biomass concentration increased rapidly up to a cultiue time of 22 
hours after wliich it exliibited small increments. These small increments 
were indicative of a culture undergoing cyclic gi*owth phases. The increase 
in viable count obsei"ved was accompanied by an increase in biomass 
concentration. Wlien the viable count decreased there would presumably 
have been an increase in non-viable biomass, which would have 
subsequently lysed, and some of this cellular material would have been 
detected by the method of biomass measurement. Tliis process was 
repeated leading to the gradual accretion of biomass. This would have
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resulted in the proportion of viable biomass to non-viable biomass 
decreasing.
The reason for tlie decrease in viable count after six hours could be that 
asparagine exerted a temporary effect upon the culture, lasting for six 
hours. In the production process used by Interprise Ltd. tlie culture is 
placed in 'cold storage’ within six hours so a feed of asparagine would 
possibly be able to maintain the culture viability before tlie culture was 
placed in ‘cold storage’. Tliis transient stabilisation of the culture implied 
that another factor was involved in tlie maintenance of viability in 
conjunction with, or independently of aspai agine.
In order to investigate this ftirther, the glucose feed rate was increased to 
3.79g/l/lii' while keeping the asparagine concentration at 0.45g/l/hr. The 
LPl initial glucose concentration was 20g/l. The feed to the culture was 
initiated after six hours and again the flow rate was adjusted to maintain 
tlie culture volume at a constant level accounting for the sampling and tlie 
addition of the sodium hydroxide solution for pH control. The viable count 
attained a level of >1x10^^ CFU/ml (Figure 76), and this was maintained 
for six hours. The feed was tenninated after twenty four hours and the 
effect was immediate. The viability decreased by 40%. this effect was 
similar to that obsei*ved in batch cultures (e.g. Figure 14 page 46 and 
Figure 30 page 78).
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Figure 76: The effect of increasing the glucose feed concentration on the viability of L. plantarum in 
bioreactor culture in LPl medium (Glucose fed at 3.76g/l/hr, Asn fed at 0,45g/l/hr)
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The biomass concentration was greater tlian that obsei’ved in the previous 
culture (6.07g/l compai'ed to 5.53g/l). This was presumably a result of the 
increased glucose concentration as all other culture parameters were 
unchanged. The culture time to peak viable count and biomass 
concentration was in the range 17-24 hours, this was similar to the 16-23 
hour range of the previous culture (Figure 74, page 141), despite a lower 
inoculum (3.42x10^ CFU/ml compared to 7.29x10^ CFU/ml). This would 
suggest that the increased viable biomass concentration attained is not due 
to an increased concentration of non-viable cells but as a result of heavier 
individual cells (as the viable counts are the same but the biomass 
concentrations are different).
In order to assess the effect of a feed of glucose alone a culture was 
performed with a rate of glucose addition at 3.76g/l/lu.
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10.3. The effect of a glucose feed upon the viability of L. plantarum in 
bioreactor culture in LPl medium.
The culture, as with the glucose and asparagine feed attained a viable 
count >1x10^° CFU/ml (Figure 77). This was maintained until tlie end of 
the culture, six hours. Thomas and Batt, (1969) and Mcgrew and Mallette, 
(1962) also observed a beneficial effect glucose addition on maintenance 
of viability.
Figure 77; The effect of a glucose feed on the growth of L. plantarum in bioreactor culture in LPl
medium (glucose fed at 3.76g/l/hr).
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The culture took longer to reach a viable count greater than 1x10^^ 
CFU/ml than in the previous culture where asparagine was fed to the 
culture simultaneously with glucose. The inocula were almost identical 
(3.68x10^ CFU/ml compared to 3.42x10^ CFU/ml) and the only difference 
between the cultures was the addition of the asparagine in the feed. This 
reduced growth rate may have been due to an increase death rate in the
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growing culture as the protective effect exerted by asparagine was absent. 
This supported the model, which had indicated that asparagine would 
improve viability. If the culture was not as viable in the absence of 
asparagine it could be assumed that there was a higher proportion of non- 
viable cells present m the biomass concentration. Since die maximum 
biomass concentration achieved in die culture was 4.60g/l (Figure 77) and 
the biomass concentration achieved in the more viable asparagine and 
glucose fed culture was 6.07g/1 this increase could be attributed to the 
interactions between the cell, the asparagine concentration and the glucose 
concentration present. The implication was that viability of the culture is 
related to the cell biomass, die heavier die cell the greater its viability, and 
that asparagine in conjunction with glucose mediated this effect. It also
gave further credence to die accuracy of the model developed in diis work.
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11.1. Amino acid uptake and utilisation by Lactobacillus plantarum in 
a complex (C6) medium in bio reactor culture.
The complex medium was analysed for changes in culture supernatant 
amino acid concentration (figures 78-82).
Figure 78: Specific uptake rate and utilisation of basic aniino acids during a batch culture of I.
plantarum in C6 medium.
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Diuing the first few hours of growth there was a low rate of utilisation of 
some of the amino acids, notably histidine (Figure 78) and the aliphatic 
amino acids (Figure 79), After a few generations the culture would begin 
to degrade the medium peptides to provide amino acids for growth (El 
Soda et al, 1983). The breakdown of the peptides is facilitated by endo- 
and exopeptidases (El Soda et al, 1978). During the lag phase of the 
culture these enzymes would presumably have been breaking down the 
peptides present in yeast extract. This was illustrated by the specific 
uptake rates of the amino acids which were negative. This indicated an 
increase in the culture supernatant concentrations of the amino acids. This
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increase was probably as a result of peptide degradation by L. plantarum 
enzymes (Figures 78-82).
Figure79: Specific uptake rate and utilisation of aliphatic amino acids during a batch culture of L.
plantarum in C6 medium.
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Figure 80: Specific uptake rate and utilisation of aromatic amino acids during a batch culture of L.
plantarum in C6 medium.
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As the culture entered growth phase tire specific uptake rates of the amino 
acids increased presumably as a response to biosyntlietic demands. As 
observed in the syntlietic medium it was the aliphatic amino acids as well 
as tyrosine and serine which were the most readily assimilated. Prescott et 
al, (1953) had demonstiuted the stimulatory effect of serine peptides on 
the growth of Lactobacillus delbmeckii. The utilisation of serine (Figure 
81) by L. plantarum (almost 100% utilisation) in the C6 medimn 
highlighted serine as a potential beneficial amino acid in the complex 
medium.
Figure 81: Specific uptake rate and utilisation of sulphur-, hydroxyl- and cyclic amino acids during a
batch culture of L. plantarum in C6 medium.
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The specific uptake rate of serine differed fi'om those of the otlier amino 
acids present in the culture as it started to increase as the others started to 
decrease. Tliis decrease in uptake of amino acids coincided with a 
decrease in the growth rate of the culture as it neared the end of the growth 
phase. The uptake of serine increased at this point in the culture and 
continued until the end of the culture. Collai* et al, (1992) observed a
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large decrease (65%) in the serine content of a culture for bread dough 
preparation wsmg Lactobacillus plantarum. The dougli culture would, like 
tlie C6 culture, have involved the release of amino acids throughout the 
culture tlirough proteolytic activity. Large increases in hydroxy- amino 
acids ( serine being one) during a dough fermentation by lactic acid 
bacteria has been detected by Spicher and Nierle, (1988) though the 
proportion of proteolytic enzymes in Lactobacilli for degi adation of serine 
peptides is low (El Soda et al, 1978). This may explain why serine was 
assimilated to the point of exhaustion in the medium. A low rate of release 
from the medimn proteins and peptides, due to the lack of enzymes 
specifically for serine containing compoimds, resulted in a serine limited 
culture, and any serine present would be rapidly assimilated. The 
utilisation of serine up until the end of the culture seemed to suggest a 
possible role for serine in the maintenance of viability.
Figure 82: Specific uptake rate of dicarboxylic amino acids during a batch culture of L. plantarum in
C6 medium.
10 - -
g1
o
-10
-20
Time (hours)
 G u  O—  Asp
0.28
0.24
0.2
0.16
5  0.08 -
0.04 -
-0.04 •12
- 0.12
•0 -0.2 - 
^  -0.24 -  
-0.28 -- 
-0.32 -• 
-0.36 
-0.4 --
Time (Ijours)
• «  G u  O Asp
151
----------------------------------------- Chapter 11 -------------------------------------- -—-
All tlie uptake rates after decreasing during mid-growth phase began to 
increase as the culture entered the latter part of the growth phase and the 
glucose concentration decreased (After 10 hours the glucose concentration 
was 7g/1) the uptake rates began to increase again producing a specific 
uptake rate graph similar to a sine curve. This cyclic action may have been 
due to the way the enzymes were controlled. A high concentration of an 
amino acid (either extracellular or intracellular) would result in the 
repression/inliibition of the respective protease. Tliis resulted in an 
increase in the uptake rate of the amino acids as no more were being 
liberated. Once the concentration fell below a tlireshold level the 
repression/inliibition was presumably lifted and the enzyme was be 
released resulting in an increase of the amino acid in the medium and an 
apparent decrease in the specific uptake rate.
This highlighted the difficulty in determining the interactions between L. 
plantarum and its environment in a complex medium and hence the 
necessity to develop a synthetic medium in which this sort of interaction 
did not occur.
11.2. Principal component and multivariate analysis of the complex 
medium.
Principal components factoring using the uptake and assimilation rates of 
the amino acids present in complex medium cultures (Figure 83), 
suggested that appearance or disappearance rates of lactic acid cannot be 
related to amino acid turnover:
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Figure 83: Principal component analysis o f the complex (C6) medium in bioreaetpr culture
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This relationship, as in tlie synthetic medium was to be expected as lactic 
acid is related to the utilisation of glucose (in this medium) and not the 
assimilation or release of amino acids. The results of removing the lactic 
acid data from the data matrix (Figure 84) suggested that the rate of 
change in CFU/ml was not correlated with tlie rate of appearance of any 
amino acids, with tlie possible exception of glutamic acid. This is not in 
conflict with the results from the synthetic medium, since rate of 
appearance of amino acids in complex medium, as has been earlier 
suggested, is not only dependent on assimilation rates of individual amino 
acids but also their release rates from peptides.
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Figure 84: Principal component analysis showing the relationship between CFU/ml and amino acid 
concentration in the C6 medium bioreactor culture.
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Operating the analysis with only the amino acid (Figure 85) data revealed 
that the trends in rate of appearance of excess amino acid were similar for 
all except glutamic acid, serine, tryptophan and lysine.
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Figure 85; Principal componenl analysis showing the relationship between the appearence rates of 
excess amino acids in the C6 medium bioreactor culture.
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Reference to the original data (Figure 81, page 150) indicated that serine 
was unique in appearing to become depleted at the end of the experiment. 
This with the above result suggested it would have been worth 
investigating the effect of increasing the serine concentration on tlie culture 
growth and viability of L. plantarum in a 06 medium culture. Glutamic 
acid was in excess tluoiighout the experiment, despite exliibiting a liigh 
rate of utilisation during exponential growth phase. Tiyptophan and lysine 
accumulation followed shnilar patterns, showing maximum assimilation 
rates after 8 hours incubation. This suggested that these three amino acids 
were released in the gieatest quantities from peptides and proteins by the 
proteolytic enzymes ofL. plantarum.
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Cluster analysis on the data supplied from analysis of the 06 culture 
provided no fuitlier useful information.
11.3. The effect of increasing the serine concentration on the growth 
of L, plantarum in a C6 medium bioreactor culture.
The serine concentration in the 06 medium was supplemented by the 
addition of 8.9g/l L-serine (a ten fold increase).
Figure 86: The efiect of increasing tlie serine concentration on growth of L  plantarum in C6 medium
in bioreactor cultutre.
Biomass (g/1) CFU/ml (lE+09)
Time (heurs)
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Figure 86 shows the effect this increase in serine concentration had on 
botli tlie biomass concentration and the viable count attained. In both cases 
the serine supplemented culture was very similar to the control. The times 
taken to attain maximum biomass concentration and viable coimt were the 
same as were tlie respective values (7.50g/l compared to 8.00g/l and
1.35x10^° compared to 1.75x10^°).
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Unlike the synthetic medium, the addition of an amino acid (in this case 
serine) did not result in the maintenance of viable count. The maximum 
viable count occurred transiently. The viable count in the serine 
supplemented culture was similar to that of the control culture including 
the decrease in viable count which coincided with glucose exliaustion.
The necessity for amino acid supplementation in the synthetic medium, not 
reflected in the results for the complex medium suggested that the 
requirements for these medium components was met in the complex 
medium foimulation. Where an amino acid feed was beneficial in the 
synthetic medium but not in the complex may indicate that the complex 
medium allowed a slow release of tlie component in question. If this is the 
case, the defined medium-based cultures require an increase in complexity 
in order to simulate the complex medium more accurately. In order to 
mimic the slow nutrient release rate in the complex medium, a multiplicity 
of slow feeds would, presumably, be required in synthetic medium based 
cultures.
11.4. The effect of a glucose feed on the maintenance of viable count of 
L, plantarum  in C6 medium in bio reactor culture.
Simulations perfonned using the model predicted that a glucose feed 
would maintain viability. This hypothesis was therefore tested using the 
production medium. The objective was to two enliancements to the 
production process. (1) A higher viable cell count and (2) a reduction in 
the loss of viabile count in the holding tank.
C6 medium was prepared with half (20g/l) tlie normal glucose 
concentration. L. plantarum was inoculated into the bioreactor and after
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three hours a glucose feed was initiated. This consisted of a stock solution 
of glucose at a concentration of 400g/l being introduced to tlie culture at a 
rate of 30ml/lir (a glucose concentration of 8g/l/lir).
The effect of this feed (Figiue 87) was to prevent the decrease in viable 
count observed in the control culture. The time to attain maximum viable 
count was similar to the control culture (13 houi's). The control culture 
appeared to attain an elevated ü'ansient viable count but the difference 
between the two cultures was not significant (99% confidence limit). The 
feed culture appeared to decrease very slightly over time but this was also 
not significant (99% confidence limit).
Figure 87; The efifect of a glucose feed on the maintenance of viable count of L. plantarum in
bioreactor culture in C6 medium.
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Figure 88: The effect of a glucose feed on the maintenance of viable count of L. plantarum in
bioreactor culture in C6 medium.
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The biomass concentration (Figure 88) showed a constant increase in the 
biomass concentration in the fed culture even after maximum viable count 
had been attained. This suggested that either the death of the cells was 
equalling that of the growth of the cell, a sort of pseudo-cryptic gi'owth, in 
which the recycling of cell nutrients (vitamins and nitrogenous compounds) 
was supplemented by tlie glucose feed. The biomass measurements would 
therefore be detecting lysed cell components. This would seem to indicate 
that tlie culture was limited in a ftuther component, most likely the 
nitrogen source, as the culture should be in tlieoiy be able to attain a higher 
final viable count. The volume occupied by one cell can be calculated by:
V= Tcr^ l
Wliere V= volume
r= radius («0.6pm - Sneatli et a l, 1986)
L= length («8pm - Sneath et al, 1986)
This gives a volume of «lOpm^.
Assuming that Icm^ = 1ml.
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Icm^ = l.OOxlO^^pm^. This would then give a theoretical maximum cell 
concentration of 1.00x10^^ CFU/ml which is approximately one log count 
greater that that attained at present.
Previously it had been noted that increasing the yeast extract concentration 
resulted in an elevated viable count and biomass, which adds credence to 
the theory that the culture was now nitrogen limited.
It was therefore beneficial to the production process when the yeast extract 
concentration was increased by 10% (any higher and toxicity appears, 
personnel communication, Interprise Ltd.). This increased medium costs 
by 7% but elevated the yield by 15%. A glucose feed could also be 
employed, possibly at tlie end of the culture while in the holding tank 
awaiting downsti'eam processing.
The increase in yeast extract concentration is presently employed and 
the feeding of glucose to the culture is currently imdergoing trials.
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Process improvement in this thesis has been achieved tlirough both 
empiiical and rational methods. These two methods are widely used in 
industry especially in the search for or improvement of antibiotic 
producers. The empirical approach did not rely upon an implicit 
understanding of the organism and its interaction with its environment. The 
starting point was an observation that tlie theoretical conversion of glucose 
to lactic acid was not attained. This discrepancy was visible through the 
voliune of sodium hydroxide added to the culture, which suggested a 
reduced glucose concentration in the culture. As well as indicating a 
possible area for investigation with respect to process improvement it also 
suggested that tlie pH control system could provide an on-line monitoring 
parameter for the process. With a greater understanding of the process 
through tlie development of the model this information could be used to 
compare the optimal culture profile with that of the actual cultnre profile 
and real-time remedial action taken if a potential problem arose.
Analysis of the medium confiiined that the glucose present in the medium 
had been reduced by caramélisation during autociaving. Filter sterilising 
the medium resolved this problem which was reflected in an increase in the 
viable count and biomass concentration attained.
A continuation of the optimisation of the medium was instigated through 
investigating the nitrogen concentration in the culture. This could be 
controlled via addition of yeast extract to the culture. The reasoning beliind 
this was that if the culture grew to a similar viable count when the glucose 
concentration was halved then tliere must have been another component 
limiting the growth of the culture with respect to viable count. This 
resulted in an increase in biomass and viable count. The increase was 
restricted by the toxic properties of yeast extract to the organism.
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A continuation of the empirical process indicated tliat a decrease in 
operating temperature would result in the same production yield. Tliis 
parameter did not directly affect tlie viable count or biomass concentration 
attained. It was however, relevant to process costs, reducing the energy 
required for each culture. This serves to demonstrate that process 
improvement should not confined to tlie study of culture physiology but 
that process economic factors must be considered in parallel.
The development of tlie process model highlighted the complexity of the 
nutrition of L. plantarum. The construction of the model was a hybrid 
approach utilising both stmctured and unstructuied metliods. The 
assumption of a constant yield of biomass horn die substrate utilised 
resulted in a slight overestimation of the final biomass concentrations by 
about 5% which was not significant. Lactic acid production and glucose 
utilisation rates were accinately simulated by the model.
The construction of the model was designed to prevent the imposition of 
conditions upon the model which have been used in previous models to 
enhance the perfonnance of the model (Ishizaki et aL, 1989 and Lobry et 
aL, 1992). The initial parameters required by the model were those of 
inoculiun size (biomass concentration) and substrate concentration. This 
was demonstrated by increasing the inoculum by a factor of ten to reduce 
the culture time. On inputing this datum into the model an accurate 
simulation of the process was obtained.
The incorporation of the amino acid data into the model, a structured 
approach to simulating culture growth, provided a gieater knowledge of 
the process. It indicated those amino acid which were essential to the 
culture with respect to the accretion of biomass and maintenance of
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viability. The model suggested that the accretion of cellular biomass was 
intrinsically linked to tlie maintenance of viability. An increase in these 
two factors, biomass concentration and viability, would be of economic 
benefit to the process run at Interprise Ltd.
The prediction of biomass increase proved to be very accurate. 
Supplementing the synthetic mediiun with additional tyrosine resulted in a 
14% increase in biomass concentration. The simulation had predicted an 
increase of 17%. hicreasing tlie asparagine concentration in the synthetic 
medium had no effect upon the biomass concentration attained in the 
culture which was in agreement with the model prediction. The culture 
time to maximum biomass concentrations were as predicted, unchanged.
A comparison of total cell counts and total viable counts fi-om tlie amino 
acid supplemented cultures and control cultures indicated an increased 
percentage viability in the amino acid supplemented cultures. This was in 
agreement with the model prediction, and also demonstrated the link 
between biomass concentration and viability suggested by the model in 
the absence of an energy source. Tliis has been observed in the complex 
medium at hiterprise Ltd. Increasiug the yeast extract concentration has 
resulted hi an elevated culture biomass concentration and an increased 
yield of product (40%) in tonnes of silage treated.
It was also demonstrated that by providing an energy soince to the culture 
it was possible to maintam the viability of the culture. This maintenance of 
viability coincided with an accretion of biomass in the culture without an 
increase in the viable count. Tliis demonstrated in the complex medium, as 
in the synthetic medium, that viability is linked to individual cell biomass 
concentration. The heavier the individual cells the greater the viability of 
the culture, as predicted by the model.
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Witli respect to culture biomass production and viability of the culture the 
model proved to be veiy successfiil, and from the simulation results a 
furtlier understanding of the processes governing culture viability was 
obtained. A feed of glucose to the culture while it is being processes is 
ciuTcntly undergoing trials at Inteiprise Ltd.
There are a few areas that would be of interest to follow up to enhance the 
imderstanding of, and perhaps a further improvement in the process.
(a) The development of a structured model.
This could be achieved via intracellular measurements of the amino acids 
along with the RNA and DNA. This would give an in-deptli knowledge of 
how amino acid assimilation is directly related to protein synthesis and cell 
division. It could also frnther the understanding the relationship between 
an amino acid(s) and viability. Knowledge of the intracellular composition 
of tlie cell could be related to the survival of the organism through the 
freeze-drying process, and tlirough the use of the model the medium could 
be adjusted to ensure maximum survival without compromising the 
economic integrity of the production process.
(b) Culture feeds.
The feeding of glucose to the holding tank prior to preparing the culture 
for freeze-drying could possibly be circumvented tlnough the use of a less 
readily assimilated carbohydrate in the cultine such as a disaccharide or 
even a polysaccharide. L. plantarum would utilise the glucose in the 
culture at the usual rate and when it had exhausted tliis it could utilise the 
second carbohydrate, which would provide the maintenance energy for the
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organism. This would be relatively simple to implement and the results 
would be immediately visible.
(c) Biomass concentration and viability.
An investigation into mode of action by which an increase in biomass as a 
result of supplementing the medium with additional tyrosine and 
asparagine prevents the decrease in culture viability upon substrate 
exhaustion. If this could be elucidated it may be possible to modify the 
process to prevent the decreases observed without the need to introduce 
large amounts of expensive amino acids to the culture.
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Appendices
Appendix I
pH calibration curve: Drops of concentrated sulphuric acid added verse pH of filter sterilised C6
medium
8
6
4
2
0 14 164 6 8 10 1220
Drops of cone sulphuric acid added
-ô -p H
The number of drops of concentrated sulphuric acid added to the C6 medium to achieve the desired
pH values
pH Drops of concentrated 
sulphuric acid
7.10 0
6.50 1
5.95 2
5.50 3
5.00 5
4.57 7
3.95 10
3.55 12
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Appendix II
Culture data used for the mathematical process simulation 
(L. plantarum bioreactor culture in LPl medium)
Time
(hours)
Glucose
(gA)
Lactic acid 
(g/1)
Biomass
(g/i)
Viable count 
(CFU/ml)
0 41.02 0.00 3.83x10^
3 39.65 0.68 0.12 9.35x10^
6 40.25 0.00 0.20 2.23x10®
8 41.01 0.71 0.30 3.23x10®
10 39.26 0.69 0.38 3.90x10®
12 39.84 0.75 0.47 6.30x10®
14 39.98 0.83 0.40 8.23x10®
16 39.56 1.82 0.32 1.09x10’
18 39.50 1.22 0.37 2.35x10’
20 39.52 1.05 0.40 3.25x10’
22 38.74 1.26 0.42 5.45x10’
24 38.00 1.53 0.47 1.20x10*
26 34.26 2.07 - 1.60x10*
28 31.86 3.85 0.78 7.15x10*
30 30.97 6.46 1.25 1.29x10*
32 27.49 9.00 1.90 1.73x10*
34 20.99 15.31 2.67 4.25x10*
36 15.05 21.82 3.43 6.60x10*
38 5.64 29.75 4.38 6.90x10*
40 0.00 37.47 4.40 1.12x10'®
42 0.00 40.00 4.50 6.08x10*
44 0.00 36.96 4.73 7.05x10*
46 0.00 35.88 4.50 8.70x10*
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SB ModelMaker
SB ModelMaker provides an easy to use software environment wliich 
simply allows the user to input in a set of equations which describe their 
process into tlie model and run the system without a need to understand 
computer programming.
It uses flow diagrams to depict the interactions in the system. The 
compartments in the model contain tlie mathematical equations to describe 
the events. When furnished witli the necessary initial parameters it will 
perfonn the simulation until instructed to stop or the process would 
naturally cease, e.g. upon exliaustion of a substrate in this work.
A model with numerous unknown parameters e.g. Ks or p^ax. may not 
mimic the process accurately initially, as the operators estimate of the 
parameters may be eiToneous. An optimisation function can be used to 
obtain these unknown. To this end the program uses the least squares 
method to compare the computer generated data with that of the actual 
process data and will vary the parameters to achieve tlie best fit.
The optimisation process results in a descriptive model which can then be 
manipulated in tlie course of experimentation.
The steps to the production of a working model are:
(1) Define the system:
Growth rateBiomass
Substrate
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(2) Insert equations:
dx
dt
r  ^ 1s = s«- lyieldj
V . ....J
fX =  //max.
Ks + S,
(3) Prepare data:
Time
(hom's)
Substrate
(g/1)
Biomass
(g/1)
1 40 0.2
5 39 0.35
10 38 0.68
15 25 1.56
20 10 3.78
25 0 5.52
30 0 5.48
(4) Obtain initial fit:
Biomass (g/1)
6
3
0
30
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(5) Optimise parameters to obtain values:
Biomass (g/1)
6
3
0
30
Ks= 0.45g/l 
Pmax= 0.44 /lir
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